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Bacterial virulence is a highly regulated process involving major life-style 
changes. It is mediated by a variety of factors such as second messengers, 
proteins and post-translational modifications of proteins resulting in efficient 
infection. Phosphorylation/ dephosphorylation of specific amino acid residues 
is an important post-translational modification that plays a significant role in 
regulating the life-cycle and pathogenicity of the organism. Several kinases 
and phosphorylated proteins have been reported to be associated with different 
bacterial secretion systems, contributing to the virulence factor. In this study, 
we have uncovered the roles of Ser/Thr phosphorylation of a flagellar motility 
protein, FliC, in virulence systems such as Type II Secretion System (T2SS), 
biofilm formation and exopolysaccharides (EPS) production using 
Pseudomonas aeruginosa as a model organism.  
Previous work on the phosphoproteome of P. aeruginosa PAO1 in our lab 
identified 57 phosphosites to be distributed in its proteome. Several of the 
proteins identified have important cellular roles including FliC, which is 
essential for the swimming motility of P. aeruginosa. The phosphosites 
identified in FliC are the T27 and S28 residues in its N-terminal region. In the 
current work, we have validated these phosphosites using mass spectrometry 
and phosphomimic studies. These phosphosites were then investigated for 
phenotypic effects by creating site-directed phosphomutants of threonine 27 
and serine 28 residues converted to alanine.  
Our preliminary investigations began with the analysis of motility profiles 
which showed that there is no effect on motility and chemotaxis due to 
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flagellin phosphorylation, despite the presence of the phosphosites in a 
structurally important region. This was followed up by investigating the 
effects of the phosphosites on virulence associated mechanisms, since flagellin 
has roles in virulence apart from motility.  
We have found that the phosphosites have effects on T2SS, with the 
phosphomutants showing an increased secertome profile and activity which is 
mediated at a post-translational level, without affecting the membrane 
components of T2SS machinery. Besides T2SS, mechanisms such as biofilm 
formation and EPS production are also affected by FliC phosphorylation. FliC 
phosphomutants show reduced biofilm and EPS levels.  
The effects on biofilm formation have been investigated in detail and the 
results show that flagellin phosphorylation affect both biofilm attachment and 
detachment patterns. These effects have been studied using static and 
continuous flow systems. We have also shown the presence of an inverse 
correlationship between T2SS and biofilm formation under static conditions, 
indicating co-ordinated regulation of the two systems.  
On the whole, we gain a new perspective on the biological roles of 
phosphorylation and an addition to the repertoire of functions mediated by 
Ser/Thr phosphorylation events. This study helps us in understanding the co-
ordinated regulation of the various virulence mechanisms brought about by a 






  E. coli  Escherichia coli 
P. 
aeruginosa  Pseudomonas aeruginosa 
P. putida  Pseudomonas putida 
  Units and measurements 
  A  Absorbance 
cm  Centimetre 
g  centrifugal force 
h  Hour 
kDa  Kilodalton 
kV Kilovolts 
l Litre 
mg  Milligram 
min  Minute 
ml  Millilitre 
mm  Millimetre 
mM  Millimole 
oC  degrees Celsius 
rpm  revolutions per minute 
s  Second 
w/v  weight per volume 
α  Alpha 
μg  Microgram 
μl  Microliter 
μm  Micrometer 
μM  Micromole 
μm3  volume in micrometer 
%  Percent 
  Chemicals and reagents 
  Amp  Ampicillin 
BSA Bovine serum albumin 
CaCl2  calcium chloride 
CAN Acetonitrile 
Cb Carbenicillin 
Cm  Chloramphenicol 
x 
 
Gm  Gentamycin 
KCl  potassium chloride 
KH2PO4 Potassium dihydrogen phosphate 
LB  Luria Bertani 
M9 Minimal media 
MgCl2 magnesium chloride 
NaCl  sodium chloride 
NaH2PO4  sodium dihydrogen phosphate 
PBS  phosphate buffered saline 
SDS Sodium-dodecyl sulphate 
SDS-PAGE  
sodium dodecyl sulphate polyacrylamide gel 
electrophoresis 
TCA Trichloacetic acid 
TFA Triflouro acetic acid 
TiO2 Titanium dioxide 
  Others 
 
  bp base pair 
CCW  counter-clockwise 
c-di-GMP cyclic di-guanylate monophosphate 
C-ring  cytoplasmic ring 
CW  Clockwise 
DNA deoxyribonucleic acid 
ECM Extracellular matrix 
ECP  extracellular protein 
EPS  extracellular polysaccharides 
fliC Flagellin 
ICP intracellular protein 
LC MS Liquid chromatography mass spectrometry 
MS-ring  membranous and supramembranous ring 
O. D  optical density 
PCR  polymerase chain reaction 
SD Standard deviation 
T2SS Type II secretion system 
T3SS Type III secretion system 
T4SS Type IV secretion system 
T5SS Type V secretion system 
T6SS Type VI secretion system 
TISS Type I secretion system 
WT  wild type 
xi 
 
LIST OF TABLES 
Table 2.1. List of phosphopeptides identified by high throughput screening 
using TiO2 enrichment followed by nano LC/MS 8 
Table 2.2. Location of FliC phosphosites 19 
Table 3.1. Bacterial strains and plasmids used in this study 34 
Table 3.2. List of primers used for generating constructs 36 






















LIST OF FIGURES 
Figure 2.1. Overview of S/T/Y phosphorylation mediated processes 7 
Figure 2.2. Ser/ Thr/Tyr phosphoproteome of PAO1 identified by high-
throughput nano LC/MS screening 10 
Figure 2.3. Phosphoproteins in biologically important pathways 11 
Figure 2.4. Model flagellar apparatus of gram negative bacteria 15 
Figure 2.5. Structure of flagellar filament 17 
Figure 2.6. BLAST alignment of N-terminal conserved region of flagellin 20 
Figure 2.7. Stratification of flagellar roles 21 
Figure 2.8. Two-component chemotaxis sytem 22 
Figure 2.9. Secretion systems of Gram-negative bacteria 24 
Figure 2.10.  Flagella and T3SS show structural conservation 26 
Figure 2.11. Model T2SS secretion apparatus of Pseudomonas aeruginosa 28 
Figure 2.13. Stages of biofilm architecture development. 30 
Figure  2.14. Role of  EPS in mature biofilm development 32 
Figure 3.1.Purification of extracellular flagellin from extracellular protein 
(ECP) 45 
Figure 3.2.Workflow for phosphoprotein analysis 47 
Figure 3.3. Overall workflow of EPS quantification 50 
Figure 3.4. Schematic of flow cell setup 52 
Figure 4.1. Verification of threonine and serine phosphomutants of flagellin 57 
Figure 4.2. Flagellin phosphomutants do not show obvious differences in 
swimming motility 59 
Figure 4.3. Flagellin phosphorylation does not affect end point motility 60 
Figure 4.4. Flagellin phosphorylation does not affect real-time motility 62 
Figure 4.5. Flagellin phosphorylation does not affect chemotaxis 65 
Figure 4.6. Threonine 27 site  of flagellin  is phosphorylated at late log growth 
phase of P.aeruginosa 67 
Figure 5.2. Significant changes in the T2SS proteases levels 76 
xiii 
 
Figure 5.3. Increased elastase activity in the extracellular fraction of FliC 
phosphomutants 78 
Figure 5.4. Intracellular elastase B levels are unchanged in the 
phosphomutants 80 
Figure 5.6. Serine phosphomimic restores secretome levels similar to ΔfliC- 
FL 85 
Figure 6.1. Flagellin phosphorylation affects bioiflm formation of 
P.aeruginosa 92 
Figure 6.2. Flagellin phosphorylation affects EPS production 94 
Figure 6.3.Flagellin phosphorylation affects static biofilm formation at 24h 97 
Figure 6.4. Live/dead stained static biofilm cells show reduced biofilm in 
flagellin phosphomutants at 24 h 98 
Figure 6.5. Secretome profile of static biofilm correlates inversely with static 
biofilm 100 
Figure 6.6. Biofilms on day 1 of continuous flow cell culture show flat 
structures 102 
Figure.6.7. Biofilms on day 2 of continuous flow cell culture begin to form 
microcolonies 103 
Figure 6.8. Biofilms on day 3 of continuous flow cell culture show 
microcolony formation and beginning of maturation 104 
Figure 6.9. Biofilms on day 4 of continuous flow cell culture show both 
microcolony formation and mature structures 105 
Figure 6.10. Biofilms on day 5 of continuous flow cell culture show 
microcolonies, mature structures and reduced biofilm in WT and ΔfliC-FL 106 
Figure 6.11. Biofilms on day 6 of continuous flow cell culture show mature 
structures 107 
Figure 6.12. Biofilms on day 7 of continuous flow cell culture show mature 
structures and reduced biofilm in ΔfliC- FL T27A                   and  ΔfliC- FL 
S28A 108 
Figure 6.13. Flagellin phosphorylation does not affect biofilm architecture but 
indicates dispersal affects 109 
Figure 6.14. Flagellin phosphomutants show delayed dispersal 111 
Figure 6.15. Cfu data validates delayed dispersion of flagellin phosphomutants
 113 





LIST OF PUBLICATIONS/CONFERENCES 
Publications 
Ayshwarya Ravichandranan, Malarmathy Ramachandran, Tanujaa 
Suriyanarayanan and Sanjay Swarup, Global Regulator MorA affects 
Virulence-associated Protease Secretion in Pseudomonas aeruginosa 
PAO1 (submitted) 
 
Tanujaa Suriyanarayanan, Ayshwarya Ravichandran, Yasushi Ishihama and 
Sanjay Swarup, Ser/ Thr phosphorylation of Flagellar Motility Protein FliC 




Tanujaa Suriyanarayanan, Ayshwarya Ravichandran,Yasushi Ishihama and 
Sanjay Swarup , Ser/Thr/Tyr (S/T/Y) phosphorylation of Flagellar Motility 
Protein (FliC) affects elastase secretion in Pseudomonas aeruginosa (PA01), 
Experimental Biology EB 2013, Boston, MA (poster) 
 
 
Tanujaa Suriyanarayanan, Ayshwarya Ravichandran,Yasushi Ishihama and 
Sanjay Swarup , Ser/Thr Phosphorylation of Flagellar Motility Protein (FliC) and its 
Biological Effects in Pseudomonas aeruginosa PAO1, Biological Sciences Graduate 
Congress (BSGC), NUS, 2011 (oral) 
 
 
Tanujaa Suriyanarayanan, Ayshwarya Ravichandran, Sanjay Swarup,  Effect of c-di-
GMP  Signaling on the Type II Secretion system and the Invasion Capability of 
Pseudomonas aeruginosa , Biological Sciences Graduate Congress (BSGC), 





























Chapter 1  Introduction 
1.1. Overview 
Bacteria exist in a variety of life-cycle forms and can switch from one form to 
another depending on the environmental cues received. Two of the major life-
styles of bacteria are the motile, free-swimming planktonic state and the 
surface associated or attached biofilm state. Each of these stages has its own 
significance in contributing to the survival and growth of the bacteria. The 
switch between these life-cycle stages is of crucial importance in regulating 
the estabilishment of infection by pathogenic bacteria. Pathogenic bacteria 
have evolved a wide array of strategies to survive, colonize and estabilish 
infection in a host. Motile, free-swimming bacteria, with the help of 
chemotaxis sense their way towards favourable nutrient sources. On finding a 
suitable niche/ host environment, effective colonization is estabilished by 
attachment and biofilm formation. Once a suitable threshold of bacterial 
population is attached to the host surface, release of virulence factors mediated 
by quorum sensing is followed by translocation and invasion of host cells by 
bacteria.    
These life-cycle switches and infection processes are mediated by a variety of 
mechanisms, which include cyclic-diguanylate (c-di-GMP) signaling, quorum 
sensing and post-translational modifications of several important proteins. 
Changes in the levels of second messenger c-di-GMP brought about by 
diguanylate cyclases which synthesisze c-di-GMP (Paul et al., 2004; Ryjenkov 
et al., 2005), and phosphodiesterases which degrade c-di-GMP, mediate 
biological transition (Ryan et al., 2006; Schmidt et al., 2005). Quorum sensing 
detects the threshold of surrounding bacterial population using molecules such 
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as acyl homoserine lactones, in order to cause transition (Sakuragi and Kolter, 
2007). Post-translational modifications occur on fully mature proteins 
resulting in structural or functional changes which signal for transition. Of 
these various mechanisms, the effect of post-translational modifications has 
been relatively the lesser described. Post-translational modifications include 
modifications such as phosphorylation, glycosylation, ubiquitination, 
aceylation, methylation, lipidation etc.  
Phosphorylation/ dephosphorylation of specific amino acid residues catalyzed 
by specific protein kinases and phosphatases is an important post-translational 
modification that plays a significant role in various cellular and biological 
processes of the bacteria. It is one of the major factors in regulating the life-
cycle and pathogenicity of the organism (Cain et al., 2013). There have been 
reports on kinases and phosphorylated proteins that are associated with 
different bacterial secretion systems, thereby contributing to the virulence 
factor(Kwok et al., 2007; Ribet and Cossart, 2010). Thus, phosphorylation has 
a multi-faceted role in bacteria ranging from basic metabolic, energy and 
transport processes to the final and crucial stages of infection and life-cycle 
regulation. This makes it an highly interesting field of study, with a broad 
scope for exploring its hitherto unknown roles. 
1. 2. Objectives of the study 
The main focus of this thesis is to elucidate the effects of serine/threonine 
phosphorylation in the flagellin type B protein (FliC) of Pseudomonas 
aeruginosa PAO1. Pseudomonas aeruginosa is a gram-negative opportunistic 
pathogen which causes cystic fibrosis in the lungs of infected patients and also 
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a variety of respiratory, inflammatory and eye infections in the host. Flagellin-
type B, also called as the flagellar motility protein is responsible for the 
swimming/ swarming motility of P. aeruginosa.  Besides motility, it has roles 
in chemotaxis, biofilm formation and virulence regulation of P. aeruginosa. 
Knockout of flagellin results in impaired infection capabilities along with loss 
of motility.  We aimed to study here the crosstalk between phosphorylation 
and biological processes such as motility, biofilm and virulence using the 
model of flagellin type B, a protein with diverse and significant biological 
roles. 
 The specific aims of the study were 
(i)  To characterize the role of flagellin phosphorylation in the motility 
and chemotaxis functions of P. aeruginosa. 
(ii) To characterize the role of flagellin phosphorylation in mediating 
virulence via the Type II secretion system (T2SS) of P. aeruginosa. 
(iii) To characterize the role of flagellin phosphorylation in biofilm and 






































Chapter 2. Literature Review 
2.1. Ser/Thr/Tyr phosphorylation in bacteria 
The role of phosphorylation in biological systems is a phenomenon that has 
been well described and studied over several decades. It is one of the most 
common post-translational modifications of both prokaryotic and eukaryotic 
systems. Phosphorylation is an event that involves the addition of phosphate 
group to the side chain of an amino acid in a protein. The addition of 
phosphate groups is catalyzed by protein kinases while the removal  
(dephosphorylation) is caused by phosphatases. The kinases and phosphatases 
are typically classified into five types based on the specific amino acid 
residues that are modified, namely: serine, threonine, tyrosine, histidine and 
aspartate respectively. Phosphorylation regulates enzyme activities (Postma et 
al., 1993) and also controls protein-protein interactions through characteristic 
domains which recognise specific phosphoproteins. Forkhead associated 
(FHA) domains bind selectively to serine or threonine phosphoproteins 
(Durocher et al., 2000).  
Until recently, serine/ threonine/tyrosine phosphorylation was considered to be 
an exclusive part of the eukaryotic kingdom, while histidine-aspartate (His-
Asp) two-component system was thought to constitute the phosphor-relay 
system of prokaryotes (Macek et al., 2007).  His-Asp two component systems 
work via trans- autophosphorylation of His residues followed by transfer of 
the phosphoryl group to Asp which mediates downstream effects. A classic 
example of His-Asp phosphor-relay is the bacterial chemotaxis system 
(Wadhams and Armitage, 2004) 
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One of the first proofs for the occurrence of Ser/Thr/Tyr phosphorylation in 
bacterial proteins came from isocitrate dehydrogenase of E.coli. The study 
showed the occurrence of reversible phosphorylation in isocitrate 
dehydrogenase and identified the phosphosite to be a serine residue 
(Borthwick et al., 1984). Subsequent studies have led to the identification of 
numerous other bacterial proteins phosphorylated on Ser, Thr or Tyr 
regulating various functions like gene expression, transport, metabolic 
processes and virulence, with the identification of corresponding kinases. 
(Deutscher and Saier, 2005). For example, Mycobacterium tuberculosis  has 
several virulence associated kinases like Pkn A,B,D,E,H,L (Macek et al., 
2008; Wehenkel et al., 2008). In general, Ser/Thr/Tyr phosphorylation is as 
abundant and important a phenomenon in bacteria as in eukaryotes, governing 
various physiological processes.  
 
Figure 2.1. Overview of S/T/Y phosphorylation mediated processes                            
The roles of the identified S/T/Y phosphoproteins comprising of a vast 
network of biological processes. 
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Though, a number of Ser/Thr/Tyr protein kinases have been discovered, 
identification of the substrates getting phosphorylated by these kinases has 
been limited by the use of classical biochemical approaches.  Recently, there 
has been much focus on finding potential phosphorylated substrate proteins on 
a proteome wide scale, by the use of mass spectrometry. Some of the first 
attempts at uncovering large scale phosphoproteome maps using mass 
spectrometry were made in Bacillus subtilis, Lactococcus lactis and E.coli. 
This has led to many such analysis in a variety of bacteria (Soufi et al., 
2008)(Macek et al., 2007). 
 
Table 2.1. List of phosphopeptides identified by high throughput 
screening using TiO2 enrichment followed by nano LC/MS 
Organism No of identified 
phospho-sites 
Group 
Bacillus subtilis  
 
29 (Lévine et al., 2006) 
Escherichia coli  
 
81 (Macek et al., 2008) 
Lactococcus lactis  
 









                                                                                                      
2.1.1 Ser/Thr/Tyr phosphoproteome of Pseudomonas 
aeruginosa PAO1 
 
The explosion in the field of phospho-proteomics led our group to investigate 
the phosphoproteomes of  two model organisms used in our lab – the 
pathogenic Pseudomonas aeruginosa PAO1 and  non-pathogenic 
Pseudomonas putida PML1 (Ravichandran et al., 2009) 
Until recently, only four phosphorylation sites were reported for P.aeruginosa 
(Wurgler-Murphy et al., 2004) and only one protein kinase PpkA, was 
characterized to be important for virulence properties of P. aeruginosa (Wang 
et al., 1998)(Motley and Lory, 1999). This study led to the identification of 57 
phosphopeptides distributed in the proteome of PAO1. 
The identified phosphosites were distributed across proteins having different 
functions and localizations.  This expands the field of pathways involving 
phosphorylation signaling in P. aeruginosa. Some of the proteins identified 
were uncharacterized proteins. The distribution of the phosphosites in proteins 
important for cellular processes suggests that phosphorylation could in turn be 
essential for the proper functioning of these proteins by acting as a signal 
transmitter. This phosphoproteome analysis, which denotes the possible 
significance of phosphorylation in a wide variety of biological processes, lays 






Figure 2.2. Ser/ Thr/Tyr phosphoproteome of PAO1 identified by high-
throughput nano LC/MS screening                                                                         
(A) Percentage localization of  PAO1 phosphoproteins in different cellular 
compartments. (B) Percentage distribution of serine, threonine and tyrosine 
phosphosites in the phosphoproteome. (C) Distribution of the identified 
phosphoproteins in different biological processes. This figure has been 







Some of the phosphopeptides captured in proteins vital for cellular processes 
and crucial for the survival of the bacteria are involved in motility, attachment, 




Figure 2.3. Phosphoproteins in biologically important pathways               
Examples of biologically important phosphoproteins identified from the 
analysis including the motility protein FliC, pili protein FimV, alginate 
secretion pathway proteins Alg C and AlgP and virulence-associated proteins 
PvdL, PpkA etc This figure has been adapted from (Ayshwarya, 2010). 
 
The results from the phosphoproteome analysis have provided us with a scope 
for exploring the possible roles that phosphorylation could play in vital 
biological processes of PAO1. To improve our perspective in this respect, we 
have focussed on an important motility protein FliC, that shows two potential 




2.2. Flagellar apparatus of Pseudomonas aeruginosa 
Pseudomonas aeruginosa has a single polar flagellum which serves as the 
primary motility organelle. The flagellar model has been most extensively 
studied in the gram negative bacteria Salmonella typhimurium and can be 
extended to other gram negative organisms.  A typical flagellar machinery 
consists of a basal body and two axial structures called the hook and filament, 
which are joined together to form a hook-filament junction. The basal body  
embedded in the cell wall consists of MS ring (secretion apparatus), L and P-
rings (Pallen and Matzke, 2006).  FlhA, FlhB, FliO, FliP, FliQ and FliQ are a 
group of six transmembrane proteins which comprise the core of the export 
apparatus inside the MS-ring. The assembly of the bacterial flagella starts with 
the formation of the MS ring. The assembly occurs in inward, outward and 
lateral directions. As part of the inward assembly, there is a C-ring formed, 
also called switch complex (Végh et al., 2006). The C-ring forms the central 
channel of the complex (Brown et al., 2002). It is a part of the cytoplasmic 
space and contributes to the export apparatus via cytosolic proteins FliH, FliI 
and FliJ and FliN. These proteins interact with the channel and are responsible 
for flagellum-specific export. The export apparatus of flagella is similar in 
structure to that of a well known secretion system, namely Type III secretion 
system (T3SS) (Cornelis, 2006).  
 
The axial structures of the flagellar machinery are comprised of the proteins 
FlgG, FlgE and FliC which form the rod, hook and filament respectively 
(Végh et al., 2006). These are transported by  the flagellar Type III secretion  
apparatus powered by a hexameric ATPase FliI, through the central channel of 
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the flagellum (Claret et al., 2003; Minamino and Macnab, 1999) . These 
exported proteins are assembled with the help of cap proteins- FlgJ, FlgD and 
FliD  for the rod, hook and filament proteins respectively (Terashima et al., 
2008).  FliC is the primary component of the flagellar filament. The exported 
flagellin proteins are assembled at the distal end of the filamentous structure, 
helping the filament to grow up to lengths of 15 µm. The final filament 
consists of approximately 30,000 copies of FliC.  The capping protein FliD is 
a short, curved, tubular structure that helps in the polymerization of the 
filament protein and directs the distal assembly of the flagellin. It also serves 
as a connection with the flagellar motor. FlgJ and FlgD are temporary 
scaffolding proteins and are not part of the final machinery (Komoriya et al., 
1999).   
 
The flagellar rotation is powered by a motor that is driven by transmembrane 
ion gradients, H+ and Na+. The motor allows both clockwise and 
counterclokwise rotation. The conversion of ion gradients into torque is 
facilitated by two systems (Sowa and Berry, 2008). The interaction between 
flagellar switch complex and chemotaxis sensory system determines the 
direction of rotation of the motor (Berg, 2003). The second system is the 
interaction between flagellar motor and stator complexes MotAB and Mot CD 
embedded in the membrane which determines the specificity of ion gradients. 









                                                 
 
Figure 2.4. Model flagellar apparatus of gram negative bacteria                                                                                                                     
Flagellar structure comprising of the basal body which contains the flagellar 
secretion apparatus followed by the axial rod and filament structures 
terminating in flagellin, a polymer of FliC capped by FliD protein. This Figure 




The torque generated from these interactions is transferred by the MS ring to 
the rod, and from there to the hook and to the helical filament (FliC) of 
flagellar apparatus. This torque powers the rotation of the filament which 
helps in propelling the bacterium, thereby conferring motility. 
P. aeruginosa has two types of flagellins- type-a or type-b, classified based on 
molecular weight and antigenicity. Type a flagellin(P. aeruginosa PAK) has a 
heterologous glycan of up to 11 monosaccharide units linked to a rhamnose 





flagellin, which has a simpler glycan modification linked to the protein at S191 
and S195  through a deoxyhexose monosaccharide of 709 Da (Verma et 
al.,2006). 
2.2.1 Structure of flagellar filament FliC 
The flagellar filament is a helical structure consisting of 11 protofilaments. It 
is organized into four domains D0, D1, D2 and D3. All the four domains are 
linearly connected to each other from inside to outside of the filament. The N-
terminal region starts from D0 domain, followed by connections to D1, D2 
and D3 and a reverse connection from D3 to D2, D1 and D0. This results in 
the termination of the C-terminus region in the D0 domain. All three domain 
interconnections are by pairs of short anti-parallel chains, with the longest one 
between D0 and D1, termed the spoke region. 
The four domains together form a double tubular structure, with domains D0 
and D1 forming the densely packed core of the filament. The domains D2 and 
D3 are more spaced out and project out from the core structure. The core of 
the filament consists of regions from the N-terminal 65 residues and C-
terminal 45 residues. The interactions between domains D0 and D1 are critical 
for holding the structure of the core together (Yonekura et al., 2003).  
The flagellar filament can switch between distinct helical forms (Asakura, 
1970). Based on the cues from C-ring switch complex, which directs the 
change in direction of rotation, the flagellar filament undergoes conversion 
from the normal state left-handed helix to the right hand form hence 
facilitating the right kind of movement (Ferris and Minamino, 2006; Végh et 




                             
                        
Figure 2.5. Structure of flagellar filament 
Top panel- The Cα backbone of the flagellar filament, showing the distribution 
of hydrophobic side chains across the four domains D0, D1, D2 and D3.  The 
four domains together form the filament structure, with the N-terminal and C-
terminal regions forming the core held together by the interactions between D0 
and D1 domains. Bottom panel- End-on view from the distal end of the 
filament showing all the eleven subunits. This figure has been adapted from 




2.2.2. Structural features and conservation of flagellar filament 
FliC 
 
The three major axial structures of flagella, namely, the rod, hook and filament 
show remarkable structural conservation across a variety of species, despite 
their dissimilarities in primary amino acid sequence.  
The flagellar filament is structurally conserved in its N-terminal and C-
terminal residues across a variety of species. The N-terminal and C-terminal 
regions of flagellin comprise of the first 65 residues and the last 45 residues of 
flagellin protein. The central portions of the flagellin are highly variable in 
length and sequence, resulting in flagellar molecular masses ranging from 27 
to 67 KDa across different species. The central part is not a critical structural 
feature as major insertions or deletions in this region do not affect the 
polymerization of the filament, but instead determines the flagellar 
antigenicity (Beatson et al., 2006). 
The flagellar filament protein exhibits terminal disorder which is a 
characteristic feature of flagellar axial proteins (Vonderviszt et al., 1989).  The 
disordered portions are the most conserved N and C-terminal regions and have 
a high propensity for forming α-helix with resultant helical bundles upon 
polymerization (Vonderviszt et al., 1992) . 
The disordered terminal regions play multiple roles apart from the assembly of 
the helical structure. They maintain the monomeric state of the flagellin within 
the cytoplasm because they can effectively bind to each other only in the 
presence of helper cap proteins like FliD which serves as a scaffold 
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(Vonderviszt et al., 1998). Hence, polymerization occurs only in the distal end 
of the flagellar structure (Iino, 1974).  
The disordered terminal regions are also responsible for interactions within the 
flagellin subunits and interactions with hook associated proteins.  The 
switching motion of the flagellin directed by flagellar motor is also dependent 
upon these disordered regions (Vonderviszt et al., 1990). Additionally, the 
signal for flagellin export also seems to lie within this region.  
2.2.3. Structural significance of the identified FliC phosphosites 
The phosphosites of FliC identified from phosphoproteome analysis of 
Pseudomonas aeruginosa PAO1 are the residues T27/ S28. The location  of 
these phosphosites is in a structurally exciting region. 
 
Table 2.2. Location of FliC phosphosites 
Accession No Protein 
description 








T27, S28  
 
 
The phosphosites are located in the N-terminal region, which forms one of the 
most conserved part of the flagellin. This brings about the speculation whether 
the presence of these phosphosites in this region is of structural significance, 




Figure 2.6. BLAST alignment of N-terminal conserved region of flagellin  
The sequence alignment of the conserved N-terminal region flagellin across 
different species .The positions of the two phosphosites T27 and S28 in PAO1 
(indicated by arrows) shows high degree of conservation (denoted by *). 
 
The structural conservation of the phosphosites across different species and 
the overall structural significance of the N-terminal region of flagellin make it 
an ideal model to investigate the diverse roles of S/T/Y phosphorylation in a 
biological context. 
 2.3. Flagella- roles beyond motility 
The investigation of the different levels at which S/T/Y phosphorylation of 
flagellin could affect our model organism Pseudomonas aeruginosa requires 
an overall comprehension of the manifold functions of the flagella. The 
bacterial flagella, though serves primarily as the motility organelle, expands its 






Figure 2.7. Stratification of flagellar roles                                                                
The multiple layers of flagellar function in the interior and exterior of the 
bacteria and the host cell level. Motility conferred by flagella results in 
migration towards favourable conditions, colonization and resultant biofilm 
formation. Internally, stress factors are regulated, followed by the export of 
virulence factors to the host cell and adaptation to host immune response. This 
figure has been adapted from (Soutourina and Bertin, 2003) 
Some of the important roles of flagella are to be reviewed in more detail here 
as they have a direct bearing on the concepts explored in this thesis. 
2.3.1. Interplay between flagellar and chemotaxis system 
Chemotaxis is the ability of bacteria to sense their surrounding environments 
for nutrients and direct their movement towards favourable conditions and 
away from harsh consitions (Welch et al., 1993). The swimming movement of 
bacteria is typically interrupted by a tumble which causes it to change its 
direction. The change of direction after a tumble is a random process, without 
prior chemosensing (Bren and Eisenbach, 2000). The interaction between 
flagellar and chemotaxis system begins after this, with the chemotaxis system  
sensing the surrounding and indicating whether the particular direction of 
movement is of benefit to the bacteria or not. If suitable, the system causes 
Coordinated 
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suppression of the tumble rate, resulting in longer swim movements (Roberts 
et al., 2010). 
 
 
Figure 2.8. Two-component chemotaxis sytem 
Binding of attractants to the chemoreceptors maintains CheA in the inactive 
state (gray in color). Upon dissociation of attractants from the receptor, 
activation of CheA (blue in color) results in its autophosphorylation , followed 
by CheY phosphorylation and interaction with flagellar switch complex. This 
results in clockwise rotation of the flagella. This figure has been adapted from 
(Parkinson et al., 2005)  
 
The chemotaxis system is a typical example of the bacterial two component, 
His-Asp signalling system. The two major components here are the histidine 
kinase CheA and the response regulator CheY. CheA is associated with 
chemosensory receptors and becomes auto phosphorylated once suitable 
signals are received. This in turn causes phosphorylation of CheY, which 
interacts with the flagellar switch complex protein FliG, causing the direction 
of rotation to change from anti-clockwise to clockwise direction resulting in a 
tumble (Wadhams and Armitage, 2004).  
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2.3.2. Flagella and the secretion systems 
The mainstay of bacterial survival is the effective colonization of a host. For 
pathogenic bacteria, the regulation of virulence is of extreme importance. The 
association of bacteria with biotic or abiotic surfaces and pathogenic 
interactions with the host are under the control of a group of six secretion 
systems in Gram negative bacteria.  
The transport of proteins across the membrane can occur in a single step or 
two steps depending on the specific secretion system. Type I, III, IV and VI 
mediate single step transport. Type II and Type V systems involve a two step 
transfer. First, the proteins are transported by the general secretion (Sec) / two-
arginine translocation (Tat) pathway into the periplasm, followed by 
translocation across the outer membrane by the Type II or V system. This kind 
of transport also occurs infrequently in Type I and VI systems. 
 
The Type I secretion system (T1SS), secretes proteins essential for biofilm 
formation and can also secrete some exopolysaccharides. It is also associated 
with the secretion of virulence proteins involved in plant pathogenicity. 
The Type II secretion system (T2SS) is important for the virulence of human 
pathogens such as Pseudomonas aeruginosa. It is a Sec/Tat dependent system. 
Though it has an inner membrane association, translocation across the inner 
membrane to the periplasm is carried out by Sec/Tat system. The T2SS 
pathway is evolutionarily related to type IV system (Hazes and Frost, 2008; 






Figure 2.9. Secretion systems of Gram-negative bacteria                                                                                                                                         
Overview of the six different secretion systems of Gram-negative bacteria, called as the Type I, II, III, IV, V and VI secretion systems 
respectively, with a seventh system found in Mycobacteria for transport across their hydrophobic cell wall. HM: Host membrane; OM: outer 
membrane; IM: inner membrane; MM: mycomembrane; OMP: outer membrane protein; MFP: membrane fusion protein. ATPases and 
chaperones are shown in yellow. This Figure has been adapted from (Tseng et al., 2009)
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The Type III secretion system (T3SS), is found in Gram-negative bacteria that 
interact with both plants and animals. It has an injectisome complex that helps 
in the transport of proteins across the membrane. It has a Sec-independent 
translocation process and directly injects effector molecules into the host 
cytoplasm via its needle complex. The Type IV secretion system (T4SS), 
differs from other systems in its ability to transport nucleic acids along with 
proteins to plant/animal host or to other bacteria and yeast. The Type V 
secretion system (T5SS) is also a Sec/Tat dependent system and secretes 
factors for both human and animal pathogens. It also secretes several adhesins. 
The Type VI secretion system (T6SS), is a more recently characterized 
system. It has a bacteriophage like structure similar to that of T3SS and T4SS. 
It also secretes virulence proteins essential for human and animal pathogens. 
Of the six secretion systems, the Type II and Type III secretion systems are the 
most influenced by the flagella (Tseng et al., 2009). 
2.3.2.1. Flagella and T3SS  
The Type III system shares common evolutionary origin with that of flagellar 
system. The T3SS has a needle-like structure which shows significant 
structural similarity to that of the bacterial flagellum (Cornelis, 2006). The 
structural similarity does not arise from sequence similarity with the flagellum. 
The transport of proteins occur via the needle-like complex in the T3SS 
similar to the transport through the rod shaped central complex in flagella. The  
T3SS injectisome when docked at a cellular membrane, delivers effector 
proteins across the membrane into the cytosol (Ghosh, 2004).  
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Figure 2.10.  Flagella and T3SS show structural conservation                                                                                                                                       
Electron micrograph reconstructions of the hook-basal body complexes of the flagellum and T3SS showing the structural conservation of the 




Apart from the structural origin, the two systems exhibit negative crosstalk. 
Flagellar motility inversely regulates T3SS. A non-motile strain exhibits an 
hyper-efficient T3SS. This  shows that the two systems are linked together 
both structurally and functionally (Soscia et al., 2007).  
2.3.2.2. Flagella and T2SS 
The Type II secretion system is one of the major secretion systems influencing the 
virulence of PAO1. There are about 50-100 T2SS complexes per cell in P. 
aeruginosa (Brok et al., 1999). Each complex consists of 12-16 proteins forming 
a structure called secreton, which spans the periplasm connecting the inner and 
outer membranes (Sandkvist, 2001). The inner membrane core of T2SS is 
comprised of Xcp P, S, Y, R and Z, with XcpR associated to the inner membrane 
through XcpY. XcpP is the protein that interacts with both outer and inner 
membrane components (Filloux, 2004). XcpT is the major pseudopilin of T2SS, 
which is a piston like structure homologous to pilin of type IV machinery (Durand 
et al., 2005). The minor pseudopilins are Xcp UVWX. The pilins are responsible 
for extruding out the proteins to be secreted out (Reichow et al., 2010). XcpA aids 
in the maturation of pilins (Durand et al., 2003). XcpQ is the protein forming the 
channel for T2SS and is the only outer membrane component. It belongs to the 
secretin family and  constitutes the T2SS channel forming a large hole in the 
membrane (Bitter, 2003). The energy source for T2SS is most likely provided by 
XcpR which has ATPase motifs and could probably power the pistons to push out 






Figure 2.11. Model T2SS secretion apparatus of Pseudomonas aeruginosa    
Proteins from the cytosol are transported to the periplasmic space followed by 
translocation across the outer membrane. Alphabets represent the components 
of T2SS machinery. 
 
The T2SS secretes a variety of proteins such as elastases (LasA,B), Exotoxin 
A, Chitin binding protein (CbpD), type IV protease, lipases (LipA,C), 
phospholipase Cs (PlcH,N), aminopeptidase and alkaline phosphatases 
(LapA,B).  The proteins secreted by T2SS are first synthesized as pre-pro 
enzymes which undergo processing to form the mature protein. The proteins 
have a signal sequence at their N-terminus for transport across the membrane 




Flagellin is also an important virulence determinant and there have been 
reports on the influence of post-translational modifications of flagellin in 
affecting the secretion efficiency (Verma et al., 2006) . Thus, there could be 
interactions between flagellin and T2SS which can affect the final outcome of 
infection due to their respective importance as a major virulence factor each. 
2.3.3. Flagella and biofilm formation 
Biofilm is one of the major lifestyles of bacteria and is the most commonly 
occurring state in nature.  Biofilm formation is essential for the colonization of 
host surfaces, both biotic and abiotic. The presence of bacterial population in 
the biofilm state confers certain properties which promote their survival under 
harsh conditions. Biofilm bacteria show increased resistance to antibiotics, 
host immune responses and other kinds of chemical treatments. Biofilm 
formation is of immense concern in some of the hospital acquired infections 
where the equipments are colonized by biofilm resulting in spread of infection 
to the patients. Even in industries, it is a major issue effectively reducing the 
reactor capabilities (Van Houdt and Michiels, 2005).  
The development of a mature biofilm occurs in five stages generally.  
 
(i) Initial reversible attachment to the surface. This stage includes 
overcoming the repulsion between the cell and the surface .  
 
(ii) Reversible to irreversible attachment mediated by adhesins from 
pili and fimbriae.  
 
(iii) Beginning of microcolony formation, which is the association of 
small clusters of cells throughout the surface. This is an early stage 





(iv) Development of microcolonies into mature biofilms. Pseudomonas 
aeruginosa typically forms a mushroom-stalk architecture of 
biofilms (Davies et al., 1998). This process is also dependent on 
the carbon source available (Klausen et al., 2003) 
 
(v) Dispersal of cells from the biofilm and  return to the planktonic 





Figure 2.13. Stages of biofilm architecture development.  
The five stages of biofilm formation ranging from initial attachment to the 
final dispersal. This Figurehas been adapted from (Davies, 2003). 
 
2.3.1.1. Biofilm and extracellular matrix components 
The formation of biofilm is also influenced by extracellular polymeric 
substances. 90% of biofilms are composed of extracellular matrix components 
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which hold the cells together in the biofilm state. They keep the cells in close 
vicinity enabling communication between them. Thus, they serve as a kind of 
glue holding the cells together. 
The matrix is predominantly composed of a number of exopolysaccharides 
(EPS), though it contains protein components also. Structures such as flagella, 
pili and fimbriae help in stabilizing the matrix structure (Flemming and 
Wingender, 2010). 
The matrix plays a major role in forming structured biofilms as it helps in the 
minute interactions between the cells. One of the major components of the 
matrix of Pseudomonas aeruginosa is alginate, a O-acetylated polymer of β-D-
mannuronate and C-5 epimer α-L-guluronate residues in its cell wall (Davies 
et al., 1993). The formation of biofilm is influenced by EPS. For example, the 
presence of alginate facilitates the maturation of microcolonies to complex 
three dimensional structures (O'Toole, Kaplan & Kolter, 2000). Variations in 
EPS levels can result in changes in biofilm architecture and affect resistance to 
host defences and hence disease outcome (Hentzer et al., 2001; Stapper et al., 
2004).                           
Thus biofilm formation is a multi-factorial process, which can be influenced 
by a variety of stimuli. Among the many factors, flagellin has its own 
contribution to biofilm development. Flagellin acts as an adhesin in the initial 
stages of attachment, though it is shed once biofilms are formed. The absence 
of flagellin impairs biofilm formation and results in flat architecture as 






Figure  2.14. Role of  EPS in mature biofilm development 
EPS components like alginate help in the transition from microcolony to 
mature biofilm, while flagellin helps in the initial attachment of bacteria to the 
surface by acting as one of the bacterial adhesions. This figure has been 
adapted from (Ramsey and Wozniak, 2005) 
 
2.4. S/T/Y phosphorylation in multi-faceted flagellin 
 
The focus of this chapter begins with the importance of S/T/Y phosphorylation 
in general and is then shifted to its possible significance due to its presence  in 
a specific motility protein, FliC. The exploratory routes to unravel the 
significance of S/T phosphorylation in flagellin can come from understanding 
the multi-faceted nature of the flagella. This literature review shows that 
flagellin, whose pre-dominant function is motility, has several other roles in 
chemotaxis, virulence mediation through secretion systems and biofilm 
formation. The overall aim of this project is to understand the possible changes 












Chapter 3. Materials and Methods 
3.1. Bacterial strains, plasmids and growth conditions 
The bacterial strains and plasmids used in this study are described in Table 
3.1. P. aeruginosa and E. coli cultures were grown at 37⁰C routinely in Luria-
Bertani (LB) medium with suitable antibiotics unless mentioned otherwise. 
For experiments on static biofilm and dynamic biofilm using flow cells, 
minimal media M9 containing 0.01% cassaminoacids was used.  Bacterial 
growth was measured spectrophotometrically at OD600. 
M9 media composition (1 litre) 
200 ml M9 salts (1 litre M9 salts contains 64g Na2PO4-7H2O;15g KH2PO4; 
2.5g NaCl; 5.0g NH4Cl); 2ml of 1M MgSO4 (sterile); 20 ml of 20% 
glucose (or other carbon source);100ul of 1M CaCl2 (sterile) 
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Cm, chloramphenicol 15 μg/ml; Gm, gentamycin 15 μg/ml (E.coli) or 30 
μg/ml (PAO1) ; Amp, ampicillin 100 μg/ml (E.coli); Tet, tetracycline 25 
μg/ml; Cb, carbenicillin 200 μg/ml 
 
Table 3.2. List of primers used for generating constructs 
Primers Forward (5’-3’) sequence 
 








































3.2. Generation of site-directed fliC phosphomutants 
3.2.1. Site-directed mutagenesis  
The site-directed mutation for fliC T27A was created by a fusion PCR 
approach. Two gene fragments were generated by using fliC forward and fliC 
T27A reverse primers combination and fliC reverse and fliC T27A forward 
primers combination. These two fragments were fused together resulting in 
complete sequence with the site-directed mutation. The site-directed mutants 
fliC S28A and fliC S28D were created by cloning the full length fliC gene into 
pJET vector (Fermentas, USA) and then using the Quik Change II XL Site-
Directed Mutagenesis Kit ( Agilent Technologies, USA) with the primer 
combinations described for fliC S28A and fliC S28D respectively. After the 
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creation of the site-directed mutants, the full length fliC gene and the site-
directed mutants were cloned into pUCP19 and pUC18-miniTn7T-GM vectors 
using the restriction sites provided (BamH1 and HindIII) in the gene 
fragments. Electroporation was used to introduce the constructs in pUCP19 
and pUC18-miniTn7T-GM into PAO1 ΔfliC. For mini-Tn7T constructs, 
helper plasmid pTNS2 was used to help in the integration with mTn7 sites. 
3.2.2 Electroporation of Pseudomonas culture 
Electroporation was carried out as described in (Choi et al., 2006), with slight 
modifications. Briefly, 3 ml of an overnight culture grown in LB medium was 
harvested by centrifugation at 10,000g for 2 min at room temperature. The cell 
pellet was then washed twice with 700 μl of 300mM sucrose at room 
temperature. The pellet was finally resuspended in 300 μL of 300mM sucrose. 
500ng of plasmid DNA was mixed with 200 μL electrocompetent cells and 
transferred to a 2mm gap width electroporation cuvette and pulsed (settings: 
25 μF; 200 Ohm; 2.5 kV on a Bio-Rad GenePulserXcell™). The 
electroporated cells were immediately revived in one ml of LB medium and 
were incubated at 250rpm for 3h at 37⁰C. The cells were then plated on LB 
agar plates containing the appropriate antibiotics and incubated overnight at 
37°C or until colonies appeared. This was the method followed for 
electroporation of pUCP19 constructs into PAO1. 
For mini-Tn7T constructs, slight modifications in methodology were carried 
out. The volume of culture was scaled up to 100 ml and the subsequent steps 
were scaled up accordingly. The cells were finally plated onto half-strength 
LB agar plates and incubated overnight at 37°C or until colonies appeared 
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3.2.3. Selection of positive clones 
For pUCP19 constructs, the positives were screened by patch-plating 30 
colonies on LB+Cb200 plates. The colonies growing on this selection were 
subjected to plasmid extraction and then restricted using BamH1 and HindIII 
sites. The clones releasing a 2 kb gene fragment were subjected to sequencing 
analysis. 
For mTn7 constructs, 30 colonies were patch-plated in both LB+Cb200 and 
LB+Gm30 plates. The colonies which grow on LB+Gm30 and not on 
LB+Cb200 were selected in the first round as positives. These colonies were 
then subjected to genomic DNA extraction and then amplification of gene 
fragments using glms-up and Tn7L and glms-down and Tn7R primers were 
carried out. This PCR gives fragment sizes of 287 and 272 bp respectively. 
These clones were them amplified using glms-up and glms-down primers and 
then sequenced for the presence of fliC within this region. 
3.2.4. Genomic DNA isolation 
Genomic DNA was isolated as described in our laboratory (Syn and Swarup, 
2000). 3 ml of overnight culture was pelleted at 14,000rpm and washed with 
1% NaCl. The pellet was then resuspended in 750 uL of TES (10 mM Tris-
HCl, 10 mM EDTA, pH 8.0, 2% SDS) and incubated at 75⁰C for 5 min. The 
cell lystate was then mixed with 750μl of 3:1 phenol: chloroform. The phases 
were separated by centrifugation at 14,000rpm for 5min. This was followed by 
extraction with chloroform. 0.1 volume of 3M sodium acetate (pH 5.2) and 2.5 
volume of absolute ethanol was then used to precipitate DNA. The resulting 
pellet was washed with 1mL of 70% ethanol and then dried with a speedvac 
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for 5min. The DNA pellet was dissolved in 150 μl of TE (10 mM Tris-HCl, 2 
mM EDTA, pH 8.0) containing 50 ug/ml of RNase. 
3.3. Swimming motility assays 
3.3.1. Plate motility assay 
Overnight cultures grown at 37⁰ C were diluted to OD600=0.1. This culture 
was then inoculated by stabbing in semisolid 0.3% w/v agar (BD Biosciences, 
USA). The plates were inoculated for 9h and 16h at 37⁰ C. The zone of 
movement away from the inoculation point for the various bacterial strains  
was determined to be the swimming zone and was compared relative to wild-
type P.aeruginosa cells (Choy et al., 2004). 
3.3.2. Single-cell motility speed assay 
Bacterial cell speeds were captured as follows. Overnight cultures were diluted 
to OD600=0.1 in LB media and grown to their desired growth phases prior to 
imaging. Two layers of double sided tape were used between the microscope 
slide and coverslip to create chambers (0.8 cm x 0.8 cm) with depths of 100 
μm. 60 μl of cell suspension was loaded in the imaging chamber with cell 
densities of OD600~0.2. The cells were visualized under a 60x Plan Apo air 
lens (Nikon, Japan) using a Nikon Eclipse E600 microscope (Nikon, Japan). 
Image capture was carried out using a QICAM 12-bit CCD camera 
(QImaging, Canada). Cell videos were taken in AVI format for 20 s at 10 fps. 
At least two videos were taken per strain. 
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3.3.3. Image analyses 
Image-Pro Plus 6.3 (Media Cybernetics, USA) was used to track single cell 
speeds.  The following thresholds were used to track speeds of motile cells: 
motile cells are cells moving faster than 2.0μm/s, and travel length of 3.0μm 
on the videos were used for speeds analysis. Average speeds of 100 cells taken 
from two separate videos for each strain were analyzed using Graphpad Prism 
5.0 (Graphpad Software, USA). The variances of speeds differed from each 
other using one-way ANOVA, and significant differences (p<0.05) were 
analyzed using Tukey’s pairwise comparison of means. 
3.4. Chemotaxis assay 
Chemotaxis assay was adapted from (Shi et al., 1998). Overnight grown 
cultures were pelleted at 3000xg for 5mins. The pellet was then washed and 
resuspended in half-strength M9 medium. One ml of culture at OD600=1 was 
then mixed with twenty-four mL of 0.3% (w/v) soft agar prepared in half-
strength M9 medium. This mixture was then poured into a petri dish holding a 
1% agarose plug in the center that contains 100mM aspartic acid as a 
chemoattractant. The zone surrounding the chemoattractant indicates the 
chemotaxis ability of the various strains used. 
3.5. Secretome analysis  
Overnight grown cultures were diluted 1:100 in 100 ml LB broth. 5 ml of 
cultures were harvested at different time points (9h, 13h) and centrifuged at 
5000xg for 10 min. The cultures were ensured to be of approximately same 
OD600 across different strains. The supernatants were filtered through 0.20μm 
PES filter (Sartorius) to remove remaining cells in the supernatant. 
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Trichloroacetic acid (TCA) was used to precipitate proteins in the supernatant 
to get the extracellular protein profile as previously described (Ha et al., 
2004). Briefly, TCA (60% w/v at 4⁰C) was added to the cell-free supernatants 
to a final concentration of 10% w/v and incubated at 4⁰C for 2- 16 hours. The 
precipitated protein was pelleted by centrifuging at 20,000g for 5 minutes at 
4⁰C and the pellet washed twice with approximately 1 ml ice-cold acetone 
each time to remove salts. Following the second wash, the pellets were 
transferred to 1.5ml tubes and air dried. The solubilisation buffer was 
optimised to a denaturing buffer containing 40mM Tris, 40mM Dithiothreitol 
(DTT) and 2% SDS (Ayshwarya, 2010).The loading buffer used with these 
samples was prepared without the addition of  SDS.  Densitometry analysis of  
protein bands from the various lanes were performed   using the image 
analysis tool ImageJ 1.43 (http://rsbweb.nih.gov/ij/) developed by Wayne 
Rasband, National Institutes of Health, Bethesda, MD. The percentage 
differences across the comparison strains were expressed in the form of a 
column graph.  
3.5.1. Elastolytic activity assay 
The assay was adapted from the method described by (MORIHARA et al., 
1965). Briefly, cell-free supernatants were concentrated 200 times using 
Amicon Ultra centrifugal filters (Ultracel-10k, Millipore).  The concentration 
of the resultant extracellular proteins was estimated by Bradford method (Bio-
Rad). 5μg of extracellular protein was added into 2ml centrifuge tubes 
containing 20 mg elastin-congo red (Sigma) suspended in 1ml of reaction 
buffer (25mM Tris pH 7.8, 0.15mM NaCl, 10mM CaCl2) and incubated with 
rotation at 37⁰C for 6hrs. The assay tubes were then centrifuged at 1,200xg  
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for 15 min to remove the insoluble material  and absorbance of the supernatant 
was measured at 495nm. Elastin conjugated to congo-red is cleaved by 
elastase in the extracellular protein resulting in color development indicative 
of elastase activity. Control without any proteases was used for determining 
background levels. Pseudomonas aeruginosa elastase(Elastin Products 
Company, Inc., USA; Cat. No. PE961) was used as standard to calculate the 
units of active elastase per μg of total secreted protein.  
3.6. Intracellular protein extraction 
Intracellular proteins were extracted from bacterial pellets of cultures used for 
extra-cellular protein extraction. The  pellets were washed once and 
resuspended in 250 μl of extraction buffer (50mM Tris, 1mM EDTA, 20mM 
DTT) containing complete Mini Protease Inhibitor Cocktail (Roche). 
Homogenization of cells was carried out in a Micro Smash MS-100 (Tomy 
Seiko Co., Ltd., Japan) with 0.1mm glass beads in screw cap tubes at a pulse 
of 4,000rpm for 20seconds. The procedure was repeated 8-10 times until the 
pellet was completely disrupted. Disruption can be confirmed by visual color 
change of the pellet. The homogenized cells were then centrifuged at 
14,000rpm for 10 minutes in a table-top centrifuge to remove cell debris and 
beads. The clear supernatant contains the intracellular proteins. 
3.7. Membrane protein preparation 
Overnight grown cultures were diluted 1:100 in LB and allowed to grow for 
15-16h. Cells were harvested from approximately 50 ml of cultures by 
centrifuging at 5000xg at 4⁰C for 10 minutes. The cell pellet was washed once 
with 50mM sodium phosphate buffer (pH 8) and resuspended in the same 
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buffer (8ml per 50ml culture) containing Complete Mini Protease Inhibitor 
Cocktail (Roche). The cell homogenization parameters used were optimized 
from (Ayshwarya, 2010) to obtain maximum yield of membrane proteins as 
described previously (Robert et al., 2005a). After homogenization, the cell 
suspension was centrifuged at 1,500g at 4⁰C for 20 minutes to remove cell 
debris. The supernatant was centrifuged again at 125,000xg at 4⁰C for 30-45 
minutes to separate the membrane protein fraction (pellet) and cytoplasmic 
and periplasmic fractions (supernatant). The pellet was dissolved in the 
extraction buffer with protease inhibitor and stored in - 80⁰C until further use. 
3.8. Immunoblotting 
Proteins run in 12% SDS-PAGE gel were transferred onto ECL nitrocellulose 
membrane (Pall Corporation) at 100V for 90 minutes in a buffer containing 
20% methanol, Tris and glycine at 4⁰C. The membranes were stained with 
Ponceau S (Sigma) to ensure quality of transfer and then blocked overnight at 
4⁰C in 5% BSA with 0.05% Tween-20. Following blocking, the membranes 
were incubated with primary antibody for optimal time interval and washed 
five times with PBS and PBS containing 0.05% Tween-20 alternately. Each 
wash was carried out for 5 minutes. This was followed by incubation with 
secondary antibody and washing with PBS and PBS containing 0.05% Tween-
20 alternately. Each wash was carried out for 10 minutes. All incubations with 
primary and secondary antibodies were done at room temperature. The XcpP, 
XcpY and XcpZ rabbit antibodies were kind gifts from Dr. Gerard Michel 
(Robert et al., 2005a, 2005b). Mouse monoclonal antibody against alpha 
subunit of E. coli RNA polymerase was purchased from Neoclone 
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Biotechnology, WI, USA. The antibody dilutions and incubation times were 
optimized and best results were obtained under the following conditions: 
Table 3.3. Immunoblot conditions for antibodies used in this study 
 
Protein 
Primary antibody Secondary antibody 






Overnight 10,000 45min 15,000 45min 
Xcp P  Overnight 750 4 hr 4000 2 hr 
Xcp Y Overnight 1500 4 hr 4000 2 hr 
Xcp Q Overnight 500 4 hr 4000 2 hr 
Las B Overnight 2500 2 hr 4000 2 hr 
 
All secondary antibodies were anti-rabbit/mouse IgG conjugated with alkaline 
phosphatase (Sigma). The substrate used for detection was Immobilon
TM 
Western chemiluminescent AP substrate (Millipore).  Antibodies for Las B 
protein were generated by 1
st
 base (USA) after sending them the expressed 
elastase B protein as gel strips. 
3.9. Extraction of extracellular flagellin 
One litre of overnight culture grown at 37⁰C were centrifuged at 7000 rpm for 
10 min. The pellets were then washed and resuspended in 20 ml H2O. The 
resuspended pellets were sheared 10 times by passing through a 23 1/2 gauge 
needle and then were centrifuged at 10,000xg for 1h. Cells containing the 
flagellin were removed and centrifuged at 50,000xg for 2 h. The resultant 
pellets were then dissolved in H2O of pH 2.0 adjusted with Triflouroacetic 
acid (TFA) and centrifuged again for 2h at 50,000xg. All buffers used 
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contained Complete Mini Protease Inhibitor Cocktail (Roche) and Phosphatase 
Inhibitor (Roche) tablets. The supernatant containing the purified flagellin 
were run in a 12% SDS-PAGE gel and flagellin bands were cut from the gel 
for phosphorylation analysis.  
 
 
Figure 3.1.Purification of extracellular flagellin from extracellular protein 
(ECP) 
Comparison of intracellular vs. extracellular protein fraction showing the 
presence of a much purer fraction of flagellin obtained from the extracellular 
extraction method. 
 
3. 10. Phosphoprotein analysis 
The extracted extracellular flagellin was subjected to phosphorylation analysis 
as per the methodology described below. This procedure was followed by our 







phosphopeptide enrichment and desalting (GL Sciences, Japan). Our 
collaborators used their own packed TiO2 kits for phosphopeptide enrichment. 
The detailed procedure is as follows. 
Packing of TiO2 into C8 tips was carried out by weighing the TiO2 powder in a 
1.5ml tube (0.5mg TiO2/tip) and adding methanol (40ul/per mg TiO2). 20ul of 
this mixture was transferred into one tip (0.5 mg/tip) and centrifuged at 1,500 
xg  for 2 min for making TiO2 stage-tip. 
Phosphopeptide enrichment was carried out as follows. The desalted peptides 
in buffer B were mixed with equal volume of buffer C. The tip was 
preconditioned by adding 20ul of buffer B and centrifuged at 1,500xg for 
2min. The tip was equilibrated using 20ul buffer C and centrifuged at 1,500 xg 
for 2min. This was followed by loading the samples (50ul/ per loading, 100ug 
per tip) and centrifuging at 1,500xg for 5min. The tips were then washed with 
buffer C and buffer B by centrifuging at 1,500xg for 4min. The tips were then 
transferred to a new collection tube. 2μl of 20% TFA was added to the tubes 
before elution. The phosphopeptides were finally eluted by adding 20ul of 
0.5% piperidine and centrifuging at 1,500xg for 2min. This step was repeated 
twice. 
Buffer B: 0.1% TFA, 80% ACN 





Figure 3.2.Workflow for phosphoprotein analysis  
A step by step description of the methodology used for phosphoprotein 
analysis 
 
3.11. Biofilm formation tube assay 
The biofilm formation assay was adapted from that of (O’Toole and Kolter, 
1998). 2 ml of cultures diluted to OD600=0.1 using LB medium were grown 
in polystyrene round-bottom tubes. Cultures were incubated for various time 
points at 37⁰C with shaking at 200 rpm. At the end of each time point, the 
non-adherent cells were removed by rinsing with 5 ml of distilled water. The 
WT












washed biofilms were then stained with 0.1% (w/v) crystal violet solution for 
1 h followed by rinsing again with distilled water. The crystal violet bound to 
the tubes were solubilised by dissolving in 2ml of 1% SDS and quantitated 
spectrophotometrically at OD595. 
3.12. Extracellular polysaccharide (EPS) assay  
3.12.1. Extraction of EPS from bacterial cells 
 
The assay was adapted from the method of (May and Chakrabarty, 1994). 
Overnight grown bacterial cultures diluted to OD600-0.2 were plated onto four 
1% glucose LB plates for each biological sample and grown overnight. The 
cells were then scraped from the plates by a sterile inoculating loop and 
resuspended in 0.9% saline.  The suspensions were mixed well by vortexing 
and then centrifuged for 30mins at 13,700xg. The supernatants and cell pellets 
were separated into 50ml falcon tubes. The cell pellets were washed once with 
saline solution for the recovery of residual EPS and the resulting solution was 
combined with supernatant from previous step. Finally, both cell pellets and 
their supernatants were heat-treated at 80⁰C for 30mins to kill the remaining 
viable bacterial population. After this heat treatment, the cell pellets were 
dried in 60⁰C oven overnight for determining their dry weights. The 
supernatants were centrifuged at 17,700 xg for 30mins to remove any cell 
debris.  Three volumes of ice-cold absolute ethanol were added to the 
supernatants to precipitate EPS. This sample mixture was kept in -80⁰C for 1 
hour to increase EPS yield followed by centrifugation at 17,700xg for 30mins 
to obtain EPS pellet. The EPS pellets were washed twice with absolute ethanol 
and then dried. The pellets were then weighed and their masses were 
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quantified. Subsequently, the pellets were resuspended at 2mg dry weight/ml 
of distilled water prior to assay.  
3.12.2. Estimation of EPS 
The modified carbazole assay from (Knutson and Jeanes, 1968) was used for 
the estimation of total EPS. This is a uronic acid estimation method and this 
assay requires borate stock solution prepared by the addition of 24.74g of 
boric acid (H3BO3) to 45ml of 4M potassium hydroxide (KOH).  The solution 
was topped up to 100ml with distilled water. Borate working solution was 
prepared from borate stock solution by diluting 1:40 (v/v) with concentrated 
sulfuric acid (H2SO4). The borate working solution was equilibrated on ice 
before use. 80μl of EPS mixture was added to 600μl of borate working 
solution. The reaction tubes were vortexed briefly and placed on ice for 
10mins. Tubes were then incubated at 95⁰C for 10mins and then cooled again 
on ice for 10mins. After cooling, 20μl of 0.1% (w/v) carbazole solution 
(prepared in absolute ethanol) was added to the reaction mixture and vortexed 
for 1min. Distilled water was used as a negative control. The absorbance of the 
reaction mixtures at 530nm was used as an indication of concentration of EPS 
present. 200 μl of reaction mixtures were added to 96 well microtitre plates 
and their absorbance measured using Infinite® 200 PRO series (Tecan, 
Männedorf, Switzerland). The standard curve was obtained by using different 
concentrations of alginate and measured spectrophotometrically at 530 nm. 
Alginate was used as a representative mixture since it is a polymer of 




Figure 3.3. Overall workflow of EPS quantification 
 
 
3.13. Static biofilm assay 
This assay was adapted from (Merritt et al., 2005). Briefly, overnight cultures 
grown in M9+cassamino acids media were diluted 1:100 and 500 μl of diluted 
cultures were grown in a 8 well chamber for 24h and 48h without shaking to 
allow for biofilm formation. After incubation for appropriate time period, the 
cultures were then removed from the 8 well chamber and then washed twice 
with PBS to remove residual cells in the supernatant.  The biofilm was then 
stained using LIVE/DEAD® BacLight™Bacterial Viability Kit (Invitrogen, 
USA). 1.5μl of Propidium iodide and STYO 9 each were added to 10 ml of 
PBS for staining, This ratio gave best results for imaging. Imaging was 
Plating of overnight diluted cultures onto 1 % LB 
glucose plates
Harvesting  the bacterial lawn ,resuspension in 
saline solution and precipitation of supernatant .
Alginate pellet dissolved in water(1 mg/ ml) and 
concentration measured by carbazole assay















performed with a  Confocal Laser Scanning Microscope (LSM 780, Carl 
Zeiss) using the multi-track mode to minimize fluorescent bleed-through. 
3.14. Secretome analysis from static biofilm cells 
Overnight grown cultures were diluted to OD600-0.1 and then 4 ml of the 
diluted cultures were added to 6-well plates and grown for 24h and 48h 
without shaking. The cells in the supernatant which contains the secreted 
proteins from the biofilms were harvested and then subjected to secretome 
analysis as described in Section 3.5 
3.15. Continuous-culture flow cell experiment 
The flow cell experiment was adapted from (Lee et al., 2013). Three-channel 
flow cells (channel dimensions, 1440 mm3) were used for growing of 
biofilms. (Sternberg and Tolker-Nielsen, 2006). The flow cells were supplied 
with M9 minimal medium supplemented with 0.01% cassaminoacids at 9 ml/h 
(mean velocity¼0.625 mm s1) with a Reynolds number of 1.12. Each channel 
was injected with 0.5 ml of diluted overnight culture containing approximately 
1x108 cfu/ml. Biofilms were allowed to develop for 7 days and was monitored 
every 24 h. Seven different flow cell setups for each of the 7 days. Each day 
one flow cell was sacrificed and visualized by staining with 100-200μl of 
live/dead stain from LIVE/DEAD® BacLight™ Bacterial Viability Kit 
(Invitrogen, USA). Totally 14 flow cell setups were used for the five different 
strains used. The effluents from the flow cells were used for determining the 
colony forming units (cfu) of each day. This cfu data was used for the 




Figure 3.4. Schematic of flow cell setup 
The components of a continuous flow cell experiment. This Figure has been 
adapted from(Wilson et al., 2004) 
 
3.16. Imaging and volume analysis 
All microscopic observations and image acquisitions were performed by a 
Confocal Laser Scaning Microscope, CLSM (LSM 780, Carl Zeiss) using the 
multi-track mode to minimize fluorescent bleed-through. The excitation 
wavelengths for GFP and Ds-Red were 488 and 561 nm respectively. The 
emission wavelengths were 509 and 584 nm respectively.  For each flow cell 
channel, five images near the inlet (5-10 mm from the inlet) and two images 
near the outlet were taken. The resultant stacks were obtained from images 
focussed in the centre of the channel (2 mm from the walls). For image 
analysis, the image stacks were quantified for each biofilm type using 
IMARIS (Bitplane AG, Belfast, UK). The average volume of live, dead and 
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total cells were then calculated for estimating the attachment / detachment 
patterns of biofilm cells ) (Heydorn et al., 2000). The images were represented 
using the ortho view and 3D view options to represent regions of biofilm 
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Chapter 4. Flagellin phosphorylation proceeds without 
affecting flagella mediated motility and chemotaxis 
4.1. Background and objectives 
Swimming motility regulated by helical rotation of flagellin is of major 
importance in 
(i) helping the bacterial cells to propel through liquid medium and 
(ii)  for survival by moving towards favourable nutrient conditions as directed 
by the chemotaxis system 
The presence of threonine 27/serine 28 phosphosites in the core structure of 
flagellin, important for filament polymerization has been identified by means 
of phosphoproteomics analysis. This structural significance suggested possible 
links between the phosphorylation status of flagellin and the motility profile of 
Pseudomonas aeruginosa PAO1. Changes in the motility profile are usually 
manifested by increased or decreased swimming speeds. Also, the chemotaxis 
pattern may be affected, if the interactions between flagellar and chemotaxis 
systems are altered due to this phosphorylation. 
 In this chapter, we have proceeded to investigate the effects on motility and 
chemotaxis caused by the absence of phosphorylation in our model biological 
system, PAO1. To achieve this, we have created site-directed mutants of 
flagellin phosphorylation by replacing T27 and S28 residues of fliC gene with 
alanine and integrating them into a ΔfliC background by means of mini-Tn7 
transposon or pUCP19 vector. The following is the representation of strains 
used throughout this study. 
WT: PAO1 wildtype strain 
56 
 
ΔfliC :  fliC gene knockout strain 
ΔfliC- FL: single copy complementation of WT fliC integrated into ΔfliC 
background 
ΔfliC- FL T27A: single copy complementation of threonine phosphomutant of  
fliC integrated into ΔfliC background 
ΔfliC- FL S28A: single copy complementation of serine phosphomutant of  
fliC integrated into ΔfliC background 
ΔfliC- pFL: multiple copy complementation of WT fliC integrated into ΔfliC 
background 
ΔfliC- pFL T27A: multiple copy complementation of threonine 
phosphomutant of fliC integrated into ΔfliC background 
ΔfliC- pFL S28A: multiple copy complementation of serine phosphomutant of  
fliC integrated into ΔfliC background 
Results in this study are represented in the background of single copy 
complementation strains. The multiple copy complementation strains were 
originally created first. But, to provide a more accurate biological depiction, 
single copy complementations were carried out. Results throughout this study 
are similar for both single copy and multiple copy complementation strains. 
In this chapter, we also describe the characterization of phosphorylation 
profile of FliC at different stages of cell growth. The phosphoproteomics 
analysis results showed the presence of flagellin phosphorylation at the late 
log and early log growth phase of PAO1 WT strain. The presence of specific 
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phosphorylation events at specific growth phases may be indicative of their 
roles in the particular stages of development. Hence, we wanted to see how the 
distribution of T27 and S28 phosphorylation of flagellin occurs across the 
different growth phases of P. aeruginosa. 
4.2. Results and Discussion 
4.2.1 Verification of FliC phosphomutants 
The site-directed FliC phosphomutants were verified by sequence analysis 
before and after integration into ΔfliC background. 
 
Figure 4.1. Verification of threonine and serine phosphomutants of 
flagellin 
A-Sequence alignment showing the mutation of T27 residue to alanine. B- 
Sequence alignment showing the mutation of S28 residue to alanine. The 
complete sequences are shown in appendices 2 and 3. 
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4.2.2 Swimming speeds analysis of flagellin phosphomutants 
4.2.2.1. Flagellin phosphorylation does not affect end point 
motility of P.aeruginosa 
In order to elucidate the role of flagellin phosphorylation in the swimming 
pattern of PAO1, we examined the swimming motility of phosphomutant 










Figure 4.2. Flagellin phosphomutants do not show obvious differences in 
swimming motility 
Representative images of swim zone diameters from plate motility assay. A- 
9h and B- 16 h after overnight incubation of plates at 37⁰C.  
We used a very low percentage of agar (0.3%), as Pseudomonas aeruginosa is 
an organism with a single polar flagella compared to other multi-flagellated 
organisms. The low percentage of agar helps in better visualization of 
differences. We examined motility at two different time points 9h and 16h. 
The time points were chosen such that 9h allows sufficient time for flagella 
development in the cells and provides an early time point for analysis, while 
16h serves as the later time point. WT and ΔfliC are the control strains for the 
assay. ΔfliC does not show development of swim-zones, consistent with the 
absence of flagellin. The complemented ΔfliC-FL behaves similarly to the WT 
strain. The differences in the swim-zones between the phosphomutant strains 
ΔfliCWT





and ΔfliC-FL are not very obvious from the plates.  Hence, they were 
quantified for better inferences. 
 
Figure 4.3. Flagellin phosphorylation does not affect end point motility 
Quantification of motility zones formed in semisolid agar (0.3%) at 9h and 
16h respectively. Error bars indicate mean ± SD computed from four 
biological replicates with three technical replicates each. Student’s T-test p-
values >0.05 for ΔfliC- FL T27A vs. ΔfliC- FL  and ΔfliC- FL S28A vs. ΔfliC- 
FL at both time points. 
The quantification of swim-zones from plate motility assay shows that at 9h, 
ΔfliC- FL T27A and ΔfliC-FL do not show any differences in their zones, 
while ΔfliC- FL  S28A shows 7% increase in  motility zone compared to 
ΔfliC-FL. Student T-test gives a p-value >0.05 indicating that the difference is 
not significant at 9h. The swim-zones from 16h show that ΔfliC-T27A shows 
8% increase and ΔfliC- S28A shows 10% increase in motility zones compared 
to ΔfliC-FL. The student T-test gives a p-value >0.05 for both the 
phosphomutants indicating that there are no significant differences in motility 
even at 16h.  
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Plate-motility assay depicts the motility zones developed at end-time points 
and does not capture any live/ real-time changes in the speeds of bacteria. It is 
more effective when there are obvious visual differences such as that of ΔfliC, 
which shows no zone development. Since, it is evident that the 
complementation of ΔfliC with the phosphomutants results in 
complementation of motility without obvious differences in motility zones, a 
more real-time picture can help detect minute changes. This can be obtained 
by performing live tracking of motile cells by video microscopy analysis. 
4.2.2.2. Flagellin phosphorylation does not affect real-time 
motility of P. aeruginosa 
In order to capture changes in real-time, live tracking of individual cells was 
carried out and their speeds were analysed as described in Section 3.3.3. The 
analysis was performed for early, mid and late log growth phases. The analysis 
for the late log growth phase is described below.  The motility speeds analysis 
showed that there are no significant overall differences in the motility speeds 
of ΔfliC-T27A, ΔfliC-FL and ΔfliC-S28A. Hence, for a closer look, percentile 
analysis was carried out to look at the speeds of cells falling within the three 
percentile categories. 
The percentile analysis indicates the percentage of speeds of cells falling 
within the particular category. Bonferroni multiple comparison analysis shows 






Figure 4.4. Flagellin phosphorylation does not affect real-time motility 
A-Motility speeds determined by video microscopy analysis. B- Fraction of 
live speeds of cells falling within the different percentile categories. Error bars 
indicate mean ± SD computed from four biological replicates with three 
technical replicates each. Bonferroni multiple comparison analysis not 
significant, p-values >0.05 for ΔfliC- FL T27A vs. ΔfliC- FL  and ΔfliC- FL 





These results show that flagellin phosphorylation, despite being in a 
structurally conserved and significant region of the flagellin does not probably 
have a direct role in affecting the motility of cells. These changes could 
instead be evident at the level of associated systems such as chemotaxis. 
During chemotaxis, the bacteria move towards appropriate nutrient conditions 
with the help of flagella (Welch et al., 1993). The direction of movement is 
decided based on sensing by the chemotaxis system and its interaction with the 
flagellar system (Bren and Eisenbach, 2000). If there are any changes in this 
interaction, then the bacteria may move randomly due to defects in 
chemotaxis. This led us to look at the effects of flagellin phosphorylation on 
the chemotaxis ability of different strains. 
4.2.4. Chemotaxis of flagellin phosphomutants 
4.2.4.1. Flagellin phosphorylation does not affect chemotaxis in  
P. aeruginosa 
Chemotaxis was assayed by providing a nutrient rich agar stab containing 100 
mM aspartic acid to starved bacterial cells in a semi-solid (0.3%) agar plate. 
The ability to chemotax is determined by the formation of a concentric ring of 
cells surrounding the agar stab. Chemotaxis was tested for 30 min, 60 min, 3h 
and 6h after incubation with aspartic acid stab at 37⁰ C.  
The results show the formation of a clear ring surrounding the agar stab at 30 
min in WT, ΔfliC-T27A, ΔfliC-FL and ΔfliC-S28A. The zone becomes thicker 
and more diffuse with time as shown in 60 min, 3h and 6h plates. ΔfliC does 
not form a zone at 30 min and 60 min. This is because of the inability of cells 
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to migrate towards the nutrient stab. It starts developing a zone from 3h 
onwards.  This development could be because of the fact that the cells were 
mixed with the agar resulting in a uniform distribution before assaying. 
Therefore, with the progression of time, the cells surrounding the agar stab 
which get more nutrients grow better forming a zone. Also, there would be 
diffusion of aspartic acid from the stab with time resulting in the expanding 
zone.   
The chemotaxis ring does not show much difference among ΔfliC-T27A, 
ΔfliC-FL and ΔfliC-S28A strains. The ability to form the ring is evident in all 
three strains right from 30 min onwards. These zones are more comparable 
among the different strains in the first 30 min and 60 min respectively. From 
2-3 h onwards, even the flagellin mutant is forming a zone indicating the 
influence of other factors such as the diffusal rate of aspartic acid beyond this 
time point.  
The main aim of this assay was to detect whether flagellar system is changed 
functionally by flagellin phosphorylation, without effects on structure. 
Chemotaxis assay serves this purpose by indicating if there are changes in 
functional interactions between flagellar and chemotaxis system. Results from 
this assay indicate that there are no direct observable effects in this respect due 






Figure 4.5. Flagellin phosphorylation does not affect chemotaxis  
Representative images of chemotaxis zone in semi-solid agar plates. A- 
formation of ring at 30 min and 60 min respectively. B- thickening and 
diffusal of the ring at 3h and 6h respectively. Results are from three biological 
replicates with four technical replicates each. 
 
The results till now clearly demonstrate that FliC phosphorylation does not 
have any influence on flagellar motility or chemotaxis, which is contrary to 
our expectation. This elimination of motility from the picture of flagellin 
phosphorylation widens the focus towards other functions mediated by 
flagella. Some of these are the virulence and biofilm formation capabilities of 













3 h 6 h
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of environmental conditions. Flagellin being an extracellular protein, its 
phosphorylation could serve as a signalling mechanism for the above events. 
Hence, absence of changes in motility phenotype does not signify that flagellin 
phosphorylation is not important in a biological context. 
4.2.5. Biochemical characterization of flagellin phosphorylation 
4.2.5.1. Presence of threonine 27 phosphorylation  at late log 
growth phase of P.aeruginosa 
The phosphoproteome results indicate the presence of both threonine and 
serine phosphosites, which  leads to the question of whether  both  the sites are 
phosphorylated at all times or are differentially phosphorylated across 
different growth stages.  
To address this question, we first wanted to investigate the phosphorylation 
profile of early and late log growth phases of WT PAO1. For this analysis, 
extracellular flagellin was extracted from early and late log phases of PAO1 
WT. This was analyzed by nano-LC/MS followed by phosphopeptide 






Figure 4.6. Threonine 27 site  of flagellin  is phosphorylated at late log 
growth phase of P.aeruginosa  
A-Peak profile of T27 corresponding to the presence of phosphorylation in the 
late log phase of WT. B- Confidence score of the identified phosphosite. The 
row marked in red is the phosphopeptide captured in FliC protein of 
P.aeruginosa. 
 
The presence of phosphorylation at T27 residue in the late log phase is 
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phase couldn’t be captured. The LC- MS analysis was performed by our 
collaborators in Japan. This set of experiments has been tried for the 
intracellular flagellin and extracellular flagellin from WT early growth phase 
locally. The previous phosphoproteome analysis showed the presence of 
T27/S28 phosphorylation at the early growth phase also.  But the current 
analysis was unable to characterize the phosphorylation profile of intracellular  
flagellin and extracellular flagellin from early log phase. This could be 
because of the transient nature of post-translational modifications such as 
phosphorylation which make it difficult to be captured.  
The presence of phosphorylation at late log growth phase can be very 
significant from a virulence point of view. The late log growth phase is usually 
characterized by production of a variety of proteases which help in infection. 
This analysis provides a context for looking at the virulence phenotypes 
caused by flagellin phosphorylation 
 
4.3. Conclusions 
The analysis of effects of flagellin phosphorylation on motility and chemotaxis 
profiles of P. aeruginosa gives the clear message that flagellin 
phosphorylation does not have any effects on motility or motility associated 
phenotypes such as chemotaxis. This result changed our focus towards the 
investigation of whether virulence aspects are mediated by flagellin 
phosphorylation in P. aeruginosa. The general virulence association of FliC 
and the presence of T27 phosphosite at the late log growth phase are additional 
indicators that this phosphorylation could be involved in some of the virulence 
phenotypes typically manifested at the later growth phases of PAO1. 
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Chapter  5.  Flagellin phosphorylation affects Type II 
secretion system at a post-translational level 
 
5.1. Background and objectives 
Secretion systems play a major role in estabilishing bacterial pathogenicity. 
Different types of secretion systems mediate the secretion of factors necessary 
for targeting a variety of host organisms. One of the most important secretion 
systems responsible for the virulence of Pseudomonas aeruginosa is the Type 
II secretion system (T2SS).   
The major proteins released by T2SS include elastases A and B, chitin binding 
protein, type IV protease, phospholipase Cs (PlcH,N), aminopeptidase, 
alkaline phosphatises (LapA,B) and exotoxin A.  These proteins fall under the 
category of proteases, phospholipases and hemolysins. Elastase B (LasB) is a 
zinc metalloproteinase that serves to cleave the host matrix proteins such as 
elastin at several places, resulting in gaps in the host tight junction facilitating 
entry of bacterial cells into the host. Las B also cleaves the tight-junctions of 
respiratory epithelium and facilitates neutrophil requirement (Kipnis et al., 
2006).  It is one of the proteases regulated by the quorum sensing system (Las 
R). Mature elastase is a 33 KDa zinc metalloproteinase and is first synthesized 
as a preproenzyme with signals for export in its amino terminus. Upon 
recognition of the signal sequence, transport to the periplasm occurs resulting 
in a propeptide. The propeptide mediates the folding of elastase in the 
periplasm and is thereafter cleaved autoproteolytically. After cleavage, the 
propeptide associates non-covalently with the mature elastase (Kessler, 1998; 
McIver et al., 1995). The deficiency of this cleavage ability results in defective 
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elastase secretion. This implies that autoprocessing is essential for secretion of 
mature lasB. The propeptide is secreted along with the mature elastase and is 
degraded outside the cell. Elastase Las A is a 20 KDa metalloproteinase that 
functions similarly to that of LasB. It does not possess a very high elastolytic 
activity, but increases the efficiency of LasB (Grande et al., 2007). LasA has 
staphylolytic activity, causing cell lysis of Staphylococcus aureus by cleaving 
the peptidoglycan pentaglycine interpeptides (Kessler et al., 1993). It is also 
synthesized as a preproenzyme, but its final processing in the periplasm is not 
mediated auto-cataytically but by elastase B, alkaline protease or Type IV 
protease (Kessler, 1998). Exotoxin A mediates ADP-ribosylation of elongation 
facor 2. This prevents it from participating in protein elongation thereby 
resulting in cell death (Pavlovskis et al., 1978). 
Endoproteases such as PrpL mediate both pyoverdine production and 
proteolytic activity. Pyoverdine is a siderophore important for both virulence 
and biofilm development. PrpL is classiified as a serine protease. It is 
regulated by PvdS (Wilderman et al., 2001). It is a 27 KDa protein and its N-
terminus is similar to that of a Type IV protease of P. aeruginosa strain 
Pa103-29 and homologous to the protease produced by Lysobacter 
enzymogenes. The host proteins targeted by PrpL include casein, lactoferrin, 
transferrin, elastin, and decorin. PrpL contributes to the persistency of P. 
aeruginosa infection. It has a N-terminal signal peptide, and is found in 
propeptide and mature forms, but its secretion mechanism is not known 
(Matsumoto, 2004; Traidej, 2003). Chitin binding protein, CbpD is a zinc-
dependent leucine aminopeptidase. Its precise role has not been characterized 
yet, but is thought to function as an adhesion-mediated colonizing factor. It is 
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also enriched in the outer membrane vesicles of P.aeruginosa from clinical 
isolates. This fraction activates proinflammatory response in lung epithelial 
cells. CbpD is also regulated by the las quorum sensing system(Folders et al., 
2000). 
The regulation of expression of these proteases at different growth stages is of 
extreme importance in bacteria. The accurate sensing of the environment 
followed by timed expression of these proteases result in an effective infection 
process. One of the most important sensing mechanisms in bacteria is the 
quorum sensing sytem. There are two major classes, namely LasR-LasI and 
RhlR-RhlI systems. The activation of the quorum sensing sytems are brought 
about by sensing a threshold concentration of acyl homoserine lactones and 
other classes of quorum sensing molecules which indicate that the surrounding 
population is sufficient enough for infection or other activities. Certain factors 
control the premature activation of these systems. One of them is the QscR 
protein. Knockout of qscR results in premature expression of the quorum 
sensing regulated proteins. This results in unwanted energy expenditure to the 
cells under unfavourable environmental conditions (Chugani et al., 2001). 
Exploring more of this kind of control mechanism would broaden our current 
view.  
FliC is an extracellular protein that not only mediates motility, but also serves 
as one of the essential virulence factors of bacteria by eliciting host 
inflammatory responses. The absence of FliC results in impaired infection 
efficiency of P. aeruginosa (Feldman et al., 1998) . Whether this arises due to 
some direct interaction with T2SS, remains unknown. But both the flagellar 
and T2SS systems are polar localized. Flagella is present at one pole, whereas 
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T2SS is localized at both the poles of the bacteria (Senf et al., 2008). Thus, the 
presence of FliC in the extracellular fraction, its role in virulence and its polar 
localization give rise to the speculation whether this phosphorylation event of 
FliC could be one of the important factors that control the expression levels of 
these proteases to achieve effective infection by environment sensing. To 
address this question, we have investigated here the effects of flagellin 
phosphorylation on T2SS by monitoring the levels of proteases secreted by 
this apparatus. We have then proceeded to find out whether the effect on T2SS 
is mediated at a translational or post-translational level. Additionally, we 
obtain evidence for the presence of serine phosphorylation in FliC by means of 
phosphomimic studies. 
 
5.2. Results and Discussion 
5.2.1. Analysis of T2SS mediated secretion levels and activity 
5.2.1.1. Flagellin phosphorylation affects T2SS proteases levels 
The effect of FliC phosphorylation on T2SS was monitored by analysing the 
levels of proteases secreted by T2SS in the extracellular medium. Preliminary 
results showed that there are increased levels of proteases in ΔfliC- FL T27A 
and ΔfliC - FL S28A strains when compared to ΔfliC– FL. Equal loading of 
extracellular proteins was based on loading from equal number of cells. This 
was achieved by immunoblotting against RNA polymerase α- subunit protein 
in the intracellular protein fraction.  This ensured that the amount of extracted 
extracellular proteins in different strains comes from the same number of cells. 
The profile thus obtained contained a few uncharacterized proteins such as 
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PA0572. The profile of proteins in the secretome was analyzed at 13h after 
overnight growth of culture. This time point was chosen for preliminary 
analysis, because the expression of proteases in PAO1 typically starts from 
around 9h onwards. Thus, to ensure that sufficient amount of proteins is 
secreted for monitoring its levels, a late log time point such as 13h was 
chosen. 
The profile from Figure 5.1.shows that in both ΔfliC - FL T27A and ΔfliC - FL 
S28A, there is an increased profile of extracellular proteases when compared 
to that of ΔfliC – FL.  This is especially notable in the proteases elastase A, 
elastase B, CbpD and AprA. This profile is evident in both the multi-copy 
pUCP19 background and single copy mTn7T-GM background. Based on this 
set of results, we observe that the behaviour is the same within the three 
complemented strains irrespective of copy number. The rest of the results in 
this chapter and other chapters are shown only for the single copy 
complemented strains. T2SS profile signifies that there is an effect on the 
secretion of proteases due to phosphorylation of flagellin. The absence of 
phosphorylation results in increased secretion of proteases in the 
phosphomutants. The resultant secretome profiles were quantitated by 




Figure 5.1. Levels of proteases are affected by flagellin phosphorylation at 
threonine and serine residues                                                                                 
A-Total extracellular protein (ECP) from  P.aeruginosa PAO1 loaded based 
on protein secreted from equal no of cells as shown by RNA Pol blotting 













Alkaline metalloproteinase precursor AprA
Chitin binding protein CbpD
Elastase LasB




background. B- Total extracellular protein (ECP) from P.aeruginosa PAO1 
loaded based on protein secreted from equal no of cells as shown by RNA Pol 
blotting (bottom panel). This represents the site-directed mutants in mTn7T-
GM background. 
Quantification using Image J shows that the levels of various T2SS proteases 
such as elastase A, elastase B, CbpD, PrpL, AprA and the uncharacterized 
protein PA0572 are significantly increased in ΔfliC - FL T27A and ΔfliC - FL 
S28A when compared to  ΔfliC – FL.  Elastase B shows the most marked 
increase in levels in the phosphomutant strains. Quantification values are 
representative of the single-copy background strains. The multi-copy strains 
also exhibits similar profiles.  
 
 
Figure 5.2. Significant changes in the T2SS proteases levels 
Quantification of proteases by Image J software showing  increase in  T2SS 
proteases levels. Error bars represent mean ± SD from six independent 
biological replicates.  The (*) indicates that the differences are significant with 
p-values <0.05 for ΔfliC- FL T27A vs. ΔfliC- FL  and ΔfliC- FL S28A vs. 




Increase in the proteases profile implies that an increased activity of proteases/ 
resultant virulence should be observed for the two phosphomutant strains. To 
verify if the increased secretome profile corresponds with increased activity of 
proteases, we tested for the activity of elastases, the major proteolytic proteins 
of T2SS using the elastin congo-red activity assay. The increase in the levels 
of the secretome denotes that there is some level of influence exerted by the 
phosphorylation of flagellin in the secretion of these proteases by T2SS.  
5.2.1.2. Increased secretome profile corresponds with increased 
elastase activity in the phosphomutants 
Validation of the increased secretome profile was performed by the 
biochemical elastase activity assay. In this assay, the biochemical activity of 
elastases corresponds with release of congo-red from elastin resulting in 
development of a colorimetric reaction. This assay can be used to biologically 
test for the significance of increased secretome profile observed. 
The elastase activity assay shows that the strains ΔfliC - FL T27A and ΔfliC - 
FL S28A show increased elastase activity compared to that of ΔfliC – FL. This 
assay includes both Las A and LasB activity, but the pre-dominant activity 
profile is observed for LasB. LasA enhances the activity of LasB. The activity 
was tested by incubating equal amounts of extracellular protein with the 
elastin congo-red substrate and testing for the release of congored color 
development. A 39% increase in the activity of ΔfliC - FL T27A vs  ΔfliC - FL 
and a 33% increase in the activity of ΔfliC - FL S28A vs ΔfliC– FL was 




Figure 5.3. Increased elastase activity in the extracellular fraction of FliC 
phosphomutants 
A. Standard curve for elastase activity. Activity was measured by treating 
elastin congo-red with a range of elastase concentrations from P. aeruginosa. 
B. Elastolytic activity assay of elastase secreted by PAO1 WT, ΔfliC , ΔfliC - 
FL T27A, ΔfliC - FL and ΔfliC - FL S28A strains. Error bars represent mean ± 
SD computed from five biological replicates. Student’s T-test p-values <0.05 






The biochemical activity profile and the secretome profile together provide a 
new link between flagellin and T2SS in terms of flagellin phosphorylation. 
Flagellin phosphorylation can exert its control on the secretion of proteases. 
This raises the question of whether the control is exerted at a translational or 
post-translational level. If the increased secretome profile is due to an 
increased level of translation of the intracellular proteins, it should be 
accompanied by increased levels of intracellular proteases. This was analysed 
by immunoblotting the levels of intracellular elastase B vs extracellular 
elastase B.  Elastase B is one of the major proteins secreted by T2SS and can 
be used as a model protein of T2SS. Antibodies against elastase B were 
generated prior to this work. 
5.2.2. Flagellin phosphorylation affects T2SS at a post-
translational level 
To test for the intracellular elastase B levels, both intracellular and 
extracellular proteins were extracted and blotted for elastase B levels at 9h and 
13h after overnight growth.  The proteins were loaded equally based on 
immunoblotting against loading control RNA Pol α-subunit. The blotting of 
extracellular proteins show that at 9h the levels of extracellular Las B are 
increased by 38% and 34% in ΔfliC - FL T27A vs. ΔfliC - FL and ΔfliC - FL 
S28A  vs. ΔfliC – FL respectively. At 13h, the changes in levels are 62% and 
56% in ΔfliC - FL T27A vs. ΔfliC - FL and ΔfliC - FL S28A vs. ΔfliC - FL 
respectively. An accumulation of elastase levels is observed over a period of 
time.  Immunoblotting of intracellular proteins at 9h and 13h shows that levels 
of intracellular Las B are unchanged in both ΔfliC - FL T27A and ΔfliC - FL 
S28A when compared to ΔfliC – FL.  These results signify that the mechanism 
80 
 
by which the changes in the levels of T2SS proteases occurs is not mediated 
by increased translation of the intracellular proteases. This implies that the 
control mechanism for the secretion of proteases occurs at a post-translational 
level.  
 
Figure 5.4. Intracellular elastase B levels are unchanged in the 
phosphomutants   
A-Immunoblot of extracellular Las B (top panel), intracellular RNA Pol α-
subunit(middle panel) and intracellular LasB (bottom panel) at 9h and 13h 
respectively. Proteins were loaded based on equal no of cells as shown by 
RNA Pol blotting (middle panel). B - Quantification of extracellular LasB 
levels at 9h and 13 h respectively in ΔfliC - FL T27A vs ΔfliC - FL and ΔfliC - 
FL S28A vs ΔfliC – FL. Error bars represent mean ±SD calculated from five 
biological replicates. Student’s T-test p-value<0.05 for the secretome profile 













The results thus obtained suggested the following possible mechanisms:  
(i) The increased levels of extracellular proteases are caused by increased 
levels of T2SS machinery components thereby causing increased 
export. 
(ii) The increased levels of proteases are due to increased pump efficiency 
of T2SS 
(iii) The resultant increase in the levels of proteases is due to changes in 
some other cellular mechanism which mediates this process as its 
downstream effect.  
5.2.3. T2SS machinery levels are not affected by flagellin 
phosphorylation 
To look for the mechanism of control exerted by flagellin phosphorylation on 
the T2SS proteases, we have tested here the first hypothesis that flagellin 
phosphorylation affects the number of T2SS machinery components. This has 
been carried out by immunoblotting the levels of representative T2SS 
components. The immunoblotting has been done for T2SS components  XcpP, 
XcpY and XcpQ.  The membrane proteins were extracted and then loaded 
based on RNA Pol α-subunit as internal loading control. 
The proteins were chosen based on their localization in T2SS. XcpY is located 
in the cytoplasmic membrane, XcpP spans both inner and outer membrane, 
while XcpQ is the outer membrane protein which forms the pore for the export 
of target proteins. XcpQ is the only outer membrane component of the T2SS. 
The number of secretion machineries is around 50-100 per cell in 
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P.aeruginosa (Brok et al., 1999). These proteins were chosen to represent the 
machinery components at each level so as to provide an insight of where 
exactly the changes occur. 
 
Figure 5.5. T2SS membrane protein components are not changed by 
flagellin phosphorylation                                                                           
Membrane proteins immunoblot of XcpY, XcpP, XcpQ. The proteins were 
loaded from equal number of bacterial cells as shown by immunoblotting of 
RNA Pol α-subunit. 
The immunoblots of membrane protein components show that the levels of the 
different components are unchanged among ΔfliC - FL T27A, ΔfliC - FL and 
ΔfliC - FL S28A strains.  The control strains WT and ΔfliC also show similar 
levels. This shows that the effect of flagellin phosphorylation on T2SS is not 







This leaves the remaining two hypotheses that the pump efficiency of T2SS is 
the reason for increased secretion or the increased secretion is a downstream/ 
associated effect of some other phenotypical change or both. Hypothesis three 
can be mediated by hypothesis two. The testing for pump efficiency would 
require the tagging of proteases like elastase B with a fluorescent tag and 
monitoring its secretion rate from inside to outside of the cell. This tagging of 
elastase B has been done previously by an ex-lab member. It was found that 
upon tagging, the activity of elastase B was altered when tested by elastin 
congo-red assay. Hence the approach requires an altered tagging system which 
does not modify the activity of elastase.  
The other hypothesis of the secretion being altered by or along with some 
other phenotypical change has to be tested for by looking at some of the 
phenotypes which are also virulence associated and are linked with that of the 
secretion system. Some of the systems which can influence or be influenced 
by the T2SS proteases include biofilm formation and production of 
extracellular polysaccharides. Biofilm is usually embedded in the matrix 
formed by extracellular polysaccharides (EPS) and its levels determine the 
extent of formation of biofilm and resultant architecture.  There have been 
reports previously stating that reduction in extracellular polysaccharides like 
alginate have been associated with increased levels of proteases like elastase 
and alkaline phosphatase (Ramsey and Wozniak, 2005).  
Apart from this indirect link with proteases, the formation of biofilm is 
dependent to an extent upon flagellin itself. This is because flagellin acts as 
one of the initial adhesins mediating attachment of bacterial cells to the target 
surface. Hence, it will be part of the third objective of this thesis to examine 
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the role that flagellin phosphorylation can play in factors such as biofilm 
formation and EPS production. Also, the link between the different systems of 
T2SS and biofilm formation will be examined to account for the increased 
secretion of proteases. 
5.2.4. Serine phosphomimic restores T2SS secretion  
This part of the study is to obtain proof for the phosphorylation of S28 residue 
by means of phosphomimic studies. The results for validation of T27 
phosphorylation were described in the previous chapter. Biochemical proof for 
serine phosphorylation could not be obtained at the late log growth phase of 
PAO1 WT. Here, we focus on the phosphorylation status of S28 site. The site-
directed substitution of serine to alanine results in the loss of phosphorylation 
in that residue. Hence, we substituted S28 residue by aspartate. This creates a 
structural mimic of the phosphorylated serine. This was created to obtain proof 
for the fact that if serine phosphorylation does indeed occur, then the structural 
mimic should be capable of restoring secretion levels similar to that of WT 
strains. 
The results show that upon substitution of serine to aspartate, denoted by 
ΔfliC- FL S28D, the T2SS levels at 9h and 13h were similar to that of ΔfliC- 
FL. Immunoblotting of RNA Pol α-subunit was used as loading control to 
ensure equal loading of ECP. This result offers proof for the occurrence of 
serine phosphorylation as well as its significance in regulating the process of 
secretion. The change of a single phosphosite residue to alanine results in a big 
change in the levels of secreted proteases. But, the substitution of that 
phosphosite to a phosphomimic site does not alter the secretion function 
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implying its role in this process. The substitution of threonine to glutamate 
was not carried out as it is not a very close structural mimic of threonine 
phosphorylation. Also, the proof for T27 phosphorylation was obtained prior 
to this set of experiment by mass spectrometry.  
 
 
Figure 5.6. Serine phosphomimic restores secretome levels similar to 
ΔfliC- FL                                                                                                          
ECP proteins loaded at 9h and 13h after overnight growth. The secreted 
proteins were loaded based on protein secreted from equal no of cells as 
shown by RNA Pol blotting (bottom panel). This experiment was performed in 
five biological replicates. 
 Together, mass spectrometry and phosphomimic studies indicate the presence 
of threonine and serine phosphorylation events and their importance in a 
biological context. The growth stage of T27 phosphorylation has been 
characterized to be the late log phase till now. Its early growth phase status has 
not been determined yet. Similarly for serine, the occurrence of 
RNA Pol
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phosphorylation has not been compartmentalized into stages yet. The two 
phosphosites may either occur at two different growth phases of the bacteria or 
may both be phosphorylated at the same time in a differential ratio. This can 
be investigated by means of further biochemical approaches. 
 
5.3. Conclusions 
This part of the study helps to demonstrate the role of flagellin in bringing 
about changes in the levels of T2SS proteases. The major findings from this 
part of the study are as follows: 
(i) The phosphorylation of flagellar motility protein FliC, despite 
lacking significance in a motility context, gains importance as the 
focus shifts towards virulence phenotypes.The importance of 
phosphorylation in virulence proteins have been demonstrated 
previously. Here, we find that a protein whose most basic function 
is conferring motility, can have roles in virulence. 
(ii) The effect on virulence is mediated by means of exerting its effects 
on the secretion of proteases via T2SS, providing new links in the 
co-ordinated regulation of FliC and T2SS. 
(iii) The co-ordination of the two systems occur by post-translational 
modifications that could either be due to altered pump-efficiency or 
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Chapter 6. Flagellin phosphorylation affects biofilm 
attachment and detachment of P. aeruginosa 
 6.1. Background and objectives 
Biofilm formation is one of the most essential processes in the life cycle of 
bacteria. It is the major lifestyle form of bacteria under natural conditions. 
Bacteria existing as free swimming, single cells under planktonic conditions 
switch to biofilm mode upon recognizing suitable attachment surfaces or 
under unfavourable conditions such as exposure to high antibiotic 
concentrations or other environmental stimuli (Karatan and Watnick, 2009). 
Exposure of biofilms to sub-inhibitory concentrations of aminoglycoside 
antibiotics induces biofilm formation in P. aeruginosa and E. coli. In such 
cases, bioiflm formation can be seen as a defense mechanism against 
antibiotics as they show more resistance to antibiotics and other harsh 
treatments (Hoffman et al., 2005). Biofilm formation is a highly dynamic and 
complex mode of lifestyle that helps to protect the bacteria as well as to 
effectively colonize  new niches (Hall-Stoodley et al., 2004). 
The formation of biofilm proceeds through five stages as mentioned in 
(Section 2.3.3). Of these five stages, the attachment and detachment processes 
of biofilm formation are dependent to an extent upon flagellin. The initial 
reversible attachment paves the way for biofilm formation.  The various 
factors involved in successful attachment are as follows: weak van der Waals 
forces mediating reversible attachment, cell structures such as pili resulting in 
more permanent adhesion to surfaces, attachment to already colonized bacteria 
and hydrophobicity. The more hydrophobicity there is, lesser is the repulsion 
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between the extracellular matrix and bacteria. In non-motile bacteria, 
recognition of surface and aggregation to each other is reduced or impaired 
when compared to other motile bacteria (Korber et al., 1989). This shows that 
structures such as fimbriae and flagella are important in the attachment 
process. Fimbriae helps in attachment to hydrophobic substrates and flagella is 
important in overcoming the repulsive forces under high- flow conditions 
(Donlan, 2002). 
Once biofilms are formed, flagella are lost and the biofilms are encased within 
an extrapolymeric layer predominantly composed of polysaccharides. 
Recently, several proteins have also been found to be a part of this 
extracellular matrix. The matrix holds the bacterial cells together and 
determines the strength of attachment to surfaces.  Apart from acting as a 
structural anchor, it contributes to the antibiotic resistance of bacteria. It acts 
by both providing a diffusion barrier as well as binding directly to antibacterial 
agents preventing their entry (Høiby et al., 2010).  The propagation of bacteria 
in a biofilm occurs via normal cell division processes resulting in the 
formation of mature biofilm colonies with a pillar and mushroom-architecture 
development. The biofilm microarchitecture is highly variable. There are lots 
of void spaces within the biofilm. The EPS is higly hydrated as it associates by 
hydrogen bonding with water molecules. Hence EPS is essential for 
attachment to hydrophilic surfaces in general. EPS may also be hydrophobic in 
nature. Within the biofilm, not all cells are metabolically active. The cells in 
the center are more inactive and hence are resistant to agents which target 
active metabolic processes (Sutherland, 2001). 
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The formation of mature biofilm is followed by dispersal of cells from this 
structure. There are three stages in biofilm dispersal: detachment of cells, 
translocation to a new location and attachment in the new location. Dispersal 
occurs both actively and passively. Active dispersal is caused by the bacteria 
themselves and passive dispersal  is mediated by shear factors and other 
environmental conditions (Kaplan, 2010). Dispersal occurs by degradation of 
extracellular matrix by the release of extracellular enzymes such as 
glycosidases, proteases, and deoxyribonucleases. Some examples of dispersal 
mediating agents include dispersin B which is a glycosidase (Kaplan et al., 
2003), cis-2-decenoic acid- a fatty acid messenger, nitric oxide signalling and 
starvation conditions (Barraud et al., 2006; Davies and Marques, 2009). In P. 
aeruginosa, the major extracellular matrix component is alginate. Alginate 
lyase which degrades alginate is synthesized in order to promote dispersal of 
these cells (Karatan and Watnick, 2009). The stage of dispersal also requires 
the development of flagella again for effective dispersal and translocation to 
new surfaces (Sauer et al., 2004; Wood et al., 2011). 
The importance of motility in the initial attachment and dispersal stages, the 
role of environmental cues in the formation of biofilm as well as the fact that 
another virulence mechanism of bacteria, namely T2SS is affected in 
P.aeruginosa led us to elucidate the role of flagellin phosphorylation in the 
formation of biofilm in PAO1. Some of the probable roles of flagellin 
phosphorylation in this aspect have been investigated by studying   
(i) The effect on basic biofilm formation ability 
(ii) The effect on alginate- an extracellular polymeric substance 
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(iii) The effect on static biofilm and crosslink with T2SS 
(iv) The effect on biofilm architecture, attachment and detachment via 
dynamic flow studies 
 
6.2. Results and Discussion 
6.2.1 Analysis of biofilm and alginate formation 
6.2.1.1 Flagellin phosphorylation affects biofilm formation 
capability of P.aeruginosa 
To investigate if there is any effect on biofilm formation due to FliC 
phosphorylation, we analysed the formation of biofilm in polystyrene tubes 
under shaking conditions at 2h and 5h. This serves as a preliminary screening 
assay for detecting changes. The quantification of biofilm formed by crystal 
violet staining shows that in ΔfliC- FL T27A vs. ΔfliC- FL  and  ΔfliC- FL 
S28A vs. ΔfliC- FL, the amount of biofilm is reduced by 40% and 30% 





Figure 6.1. Flagellin phosphorylation affects bioiflm formation of 
P.aeruginosa 
The quantification of biofilm formation by crystal violet staining at 2h and 5h.  
Error bars indicate mean ± SD computed from four biological replicates with 
five technical replicates each. Student’s T-test p-values <0.05 for ΔfliC-FL 
T27A vs. ΔfliC-FL and ΔfliC-FL S28A vs. ΔfliC-FL. 
 
The non-motile strain ΔfliC shows impaired biofilm formation capability in 
the tubes. This is because of the shaking conditions used which do not allow 
sufficient time for cells without flagellin to attach to the surface. In general, 
non-motile strains show defects in bioiflm formation in terms of forming 
cellular aggregates (Korber et al., 1989).  
The phosphomutants do not show any differences in biofilm formation at 2h 
whereas significant differences are observed at 5h when compared to the fliC 
complementation strain and WT.  Both 2h and 5h are early time points when it 
comes to monitoring biofilm formation. At 2h, we might not have observed 
significant differences because very less biofilm is formed at this time point in 
all strains. It might be too early a time point for detecting changes in biofilm 
formation in the case of our comparison strains. The differences become more 
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obvious with time.  Hence, based on the 5h biofilm dataset, we can infer that 
the overall amount of biofilm formed is lesser in the phosphomutant strains 
compared to the WT strains. This could be due to impaired initial attachment 
in the case of phosphomutant strains. Here, we have monitored the differences 
at relatively earlier time points. Only based on later time-points analysis, we 
can see whether the differences are getting increased or compensated over 
time. Since we observed reduction in the amount of biofilm in the 
phosphomutant strains, we wanted to investigate if this was accompanied by 
differences in the extracellular matrix. This is because EPS components also 
have roles in attachment. To study this, we monitored the production of 
exopolysaccharides using uronic acid estimation method.  
6.2.1.2. Flagellin phosphorylation affects EPS production 
EPS play an important role in holding the biofilm cells together as well as in 
determining biofilm architecture. They are the major components of the 
extracellular matrix. In P. aeruginosa, alginate is one of the major EPS 
components. It is a polymer of glucuronic and mannuronic acid residues 
(Davies et al., 1993). The major components of EPS are represented by these 
residues and hence EPS levels can be monitored by uronic acid estimation.  
The EPS levels in the non-motile strain ΔfliC are higher than that of WT. 
There have been reports on the inverse regulation of motility and alginate 
levels previously (Garrett et al., 1999). Since alginate is one of the major 
components of EPS, this negative regulation accounts for higher EPS levels in 
ΔfliC despite impaired biofilm formation capability in the previous 
94 
 
experiment. The control strain ΔalgC, an alginate biosynthesis gene shows 
reduced EPS levels. 
 
 
Figure 6.2. Flagellin phosphorylation affects EPS production 
A-Standard graph estimating EPS levels based on using alginate as a model 
EPS component. B- EPS quantification by uronic acid method. Error bars 
indicate mean ± SD computed from five biological replicates. Student’s T-test 
p-values<0.05 for ΔfliC-FL T27A vs. ΔfliC-FL and ΔfliC-FL S28A vs. ΔfliC-





Comparison of the phosphomutant strains with respect to the WT strains 
shows that there is a reduction in the levels of EPS in ΔfliC- FL T27A vs. 
ΔfliC- FL and ΔfliC- FL S28A vs. ΔfliC- FL by 43 % and 38% respectively. 
This shows that the reduction in EPS levels is one of the determining factors 
for the reduction in biofilm of phosphomutant strains or is the result of 
reduced biofilm observed at an early time point. 
The reduction in EPS levels in the phosphomutants can also be correlated with 
their increased secretome profile. Reports have shown that down-regulation of 
EPS components such as alginate results in increased levels of proteases such 
as elastases, alkaline phosphatase etc (Ramsey and Wozniak, 2005). Our 
results till now indicate that the phosphomutant strains show an increased 
secretion of proteases and reduced biofilm and EPS levels. Taken together, 
these effects indicate interdependent relationship with each other.  Each of 
these effects may be due to a cause-effect scenario with the other observed 
effects. Thus, these results indicate that the increased secretome profile 
described in the previous chapter can be associated with changes in biofilm 
and EPS levels, though the mode of regulation still remains unclear. Further 
experiments on this aspect can provide an interesting view-point on how the 
various processes of virulence are regulated with respect to each other. In the 
next section, we have described the experiments performed to characterize the 
stage at which biofilm formation is affected by flagellin phosphorylation and 
also the networking that can be observed between biofilm and T2SS pathways.  
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6.2.2. Analysis of static biofilm and secretome 
6.2.2.1. Flagellin phosphorylation affects static biofilm 
formation in P. aeruginosa at early time point 
The results from tube biofilm assay show reduction in biofilm of flagellin 
phosphomutants at an early time point of 5 h. This is indicative of defects in 
initial attachment stages. In order to characterize the stages affected, imaging 
of early and later biofilms under static conditions is needed. This is because 
tube biofilm assay is a more basic method and serves better as a screening 
method for differences in biofilm formation. Hence, to validate the results 
from tube biofilm assay, we analysed the growth of biofilms under static 
conditions in an 8-well chamber using CLSM. The volumes of biofilms 
formed on the glass chamber were quantitated using IMARIS. 
The analysis of biovolumes of biofilms indicates that there is a reduction of 
65% in ΔfliC- FL T27A vs. ΔfliC- FL and 58% in ΔfliC- FL S28A vs. ΔfliC- 
FL respectively. At 48h, there are no significant differences observed among 
the three complemented strains. The non-motile strain retains the ability to 
form biofilm on a glass chamber. It shows more number of attached cells 
compared to that of the other strains. This difference in its behaviour from the 
tube biofilm assay can be attributed to the different conditions of each assay. 
The tube biofilm assay is performed with constant shaking which might hinder 
efficient attachment of the non-motile strains. Whereas, in static biofilm 
experiment, there is no shaking involved and there may be other compensatory 
mechanisms which help the bacteria to attach. Structures like pili are 
important adhesins mediating attachment. The non-motile ΔfliC strain seems 
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Figure 6.3.Flagellin phosphorylation affects static biofilm formation at 
24h 
Volumes of biofilms formed for the different strains at 24 h and 48 h. Error 
bars indicate mean ± SD computed from five biological replicates. p-values 
<0.05 for ΔfliC-FL T27A vs. ΔfliC-FL and ΔfliC-FL S28A vs. ΔfliC-FL  at 24 
h and p-values >0.05 for ΔfliC-FL T27A vs. ΔfliC-FL and ΔfliC-FL S28A vs. 
ΔfliC-FL  at 48h. 
 
The static biofilm assay shows that the flagellin phosphomutants have reduced 
biofilm at 24 h whereas the phenotype tends to be compensated at 48 h time 
point. This assay indicates that the effect of flagellin phosphorylation is in the 
early stages of biofilm development. Even in the previous tube biofilm assay, 
differences were observed at an early time point of 5h, though later time points 
were not monitored. Static biofilm assay provides a closer look at the pattern 
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of biofilm formed at the early time points and accounts for differences 
observed in biofilm at a more minute level. This effect on initial biofilm 
attachment by flagellin phosphorylation could be due to its role as a signaling 
molecule. The presence of flagellin in the extracellular milieu could help it to 
sense the surrounding environments and transmit the signals to the cells via 
phosphorylation. This may account for the defects in initial attachment 





Figure 6.4. Live/dead stained static biofilm cells show reduced biofilm in 
flagellin phosphomutants at 24 h 
Representative images of static biofilm grown in 8 well chamber at 24 h. Live 
cells are represented in green and dead cells are represented in red. Scale bars 
indicate a distance of 20 μm. 
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6.2.2.2. Secretome of static biofilm shows inverse 
correlationship with static biofilm 
 
The results obtained from this chapter and the previous chapter show effects 
on T2SS and biofilm formation due to FliC phosphorylation. In order to find if 
there are any links between these two virulence mechanisms, secretome of 
static biofilms grown in 6-well chambers were analysed.  
Analysis of secretome profile at 24 h and 48 h shows that at 24 h, the two 
phosphomutant strains show increased secretome profile when compared to 
that of ΔfliC- FL. At 48h, there are no visible differences in the secretome 
profile of the three complemented strains. The secretome profile of ΔfliC 
shows very less proteins at 24 h. All these results indicate that the secretome 
profile from T2SS is associated with the amount of biofilm formed in the static 
biofilm assay. In the static assay, there was reduced biofilm in the 
phosphomutants at 24 h which gets compensated at 48 h. Similarly, in the 
secretome profile from static biofilm, there is increased secretome at 24 h for 
the phosphomutants which gets compensated at 48 h. This is evident even in 
the strain ΔfliC where the amount of proteases released at 24 h is negligible, 
but the formation of biofilm is the highest. Thus, we find the existence of an 
inverse correlation between secretome from T2SS and biofilm formation. This 
part of the study can explain one of the reasons for increased secretion of 
proteases observed in the phosphomutants. But, the mechanism by which the 






Figure 6.5. Secretome profile of static biofilm correlates inversely with 
static biofilm 
Secretome analysis for static biofilm grown in 6-well plate for A-24 h and B-
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6.2.4. Analysis of dynamic biofilms  
6.2.4.1. Flagellin phosphorylation does not affect biofilm 
architecture  
Biofilm formation is a very dynamic process and undergoes constant changes 
in architecture and overall development based on environmental conditions. 
The development of the typical mushroom-stalk architecture, with its 
characteristic stages (Section 2.3.3) can be observed under continuous culture 
flow cell conditions. The results from static biofilm assay show that in the 
flagellin phosphomutants, the initial stages of attachment are affected with the 
differences getting compensated over time. The static experiment was carried 
out over 48 h, but it does not result in the development of biofilm architecture. 
Hence, this experiment cannot describe whether there are any changes in 
architecture due to flagellin phosphorylation. Also, effects on later stages such 
as dispersal cannot be monitored effectively via static biofilm experiment. In 
order to examine the effects that flagellin phosphorylation could have at each 
stage of biofilm development, we carried out continuous culture flow cell 
experiments. The flow cell experiments were carried out in SCELSE under the 






                                                 
Figure 6.6. Biofilms on day 1 of continuous flow cell culture show flat structures                                                                                                              
Representative images of the five strains in ortho view-top panel and 3D projection- bottom panel. Live cells are represented in green and dead 
cells are represented in red. Scale bars indicate a distance of 20 μm 
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Figure.6.7. Biofilms on day 2 of continuous flow cell culture begin to form microcolonies                                                                                                             
Representative images of the five strains in ortho view-top panel and 3D projection- bottom panel. Live cells are represented in green and dead 
cells are represented in red. Scale bars indicate a distance of 20 μm 
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Figure 6.8. Biofilms on day 3 of continuous flow cell culture show microcolony formation and beginning of maturation                                                                                                                
Representative images of the five strains in ortho view-top panel and 3D projection- bottom panel. Live cells are represented in green and dead 
cells are represented in red. Scale bars indicate a distance of 20 μm. The non-motile strain ΔfliC does not develop architecture. 
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Figure 6.9. Biofilms on day 4 of continuous flow cell culture show both microcolony formation and mature structures                                                                                                               
Representative images of the five strains in ortho view-top panel and 3D projection- bottom panel. Live cells are represented in green and dead 
cells are represented in red. Scale bars indicate a distance of 20 μm. The non-motile strain ΔfliC does not develop architecture. 
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Figure 6.10. Biofilms on day 5 of continuous flow cell culture show microcolonies, mature structures and reduced biofilm in WT and ΔfliC-FL                                                                                                                                                                                                          
Representative images of the five strains in ortho view-top panel and 3D projection- bottom panel. Live cells are represented in green and dead 
cells are represented in red. Scale bars indicate a distance of 20 μm. The non-motile strain ΔfliC does not develop architecture. 
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Figure 6.11. Biofilms on day 6 of continuous flow cell culture show mature structures                                                                                                               
Representative images of the five strains in ortho view-top panel and 3D projection- bottom panel. Live cells are represented in green and dead 




                                                                         
Figure 6.12. Biofilms on day 7 of continuous flow cell culture show mature structures and reduced biofilm in ΔfliC- FL T27A                   and  
ΔfliC- FL S28A                                                                                                                                                                                                           
Representative images of the five strains in ortho view-top panel and 3D projection- bottom panel. Live cells are represented in green and dead 
cells are represented in red. Scale bars indicate a distance of 20 μm. The non-motile strain ΔfliC does not develop architecture.
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Figure 6.13. Flagellin phosphorylation does not affect biofilm architecture but indicates dispersal affects                                                                                                                                
Comparison of biofilm architecture in ortho view for the five strains across 7 days. Live cells are represented in green and dead cells are 
represented in red. Scale bars indicate a distance of 20 μm. The non-motile strain ΔfliC does not develop architecture. WT and ΔfliC-FL show a 
drop in cells on day 5, followed by an increase again. ΔfliC-FL T27A and ΔfliC-FL S28A show a drop in cells on day 7. 
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Analysis of biofilms formed by the different strains gives an overall picture of 
the biofilm architecture developed by these five strains. Of these five, ΔfliC 
does not show any architecture development and maintains a relatively 
constant level of cells throughout the 7-day experiment. The other four strains 
namely WT, ΔfliC- FL T27A, ΔfliC- FL and ΔfliC- FL S28A show 
development of the characteristic mushroom shaped architecture of P. 
aeruginosa. The development of architecture starts from day 2 onwards where 
small microcolonies begin to develop. This is more obvious in ΔfliC- FL 
T27A, ΔfliC- FL and ΔfliC- FL S28A. On day 3, microcolony formation is 
observed in these four strains. Also, the beginning of maturation is seen in 
some parts of the biofilm. On day 4 and day 5, both microcolony formation 
and mature architecture is observed. Day 6 and day 7 show the development of 
mature biofilms. The amount of cells seems to vary for the different strains 
depending on the day of the experiment. For WT and ΔfliC- FL, the images 
seem to indicate that the total number of cells increase till day 4, followed by a 
reduction on day 5 and then reattachment again on day 6 and day 7. For ΔfliC- 
FL T27A and ΔfliC- FL S28A, the images seem to indicate that the total 
number of cells increase till day 6, followed by a reduction on day 7. Based on 
these images, we conclude that the overall architecture of biofilms is not 
altered in these four strains, though there are some variations in the size of 
microcolonies and mature biofilms formed in the different strains. These 
images also give rise to the speculation that there can be changes in the 
dispersal patterns of ΔfliC- FL T27A and ΔfliC- FL S28A compared to ΔfliC- 
FL and WT. To investigate this in more detail, we analysed the biovolumes of 
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these biofilms using IMARIS and calculated the cfu of these strains for all 7 
days. 
6.2.4.2. Flagellin phosphorylation affects the dispersal pattern 
of biofilms 
As the first step to finding dispersal patterns, we calculated the biovolumes of 
biofilms for all 7 days. The analysis gives a trend similar to that observed from 
the images. 
 
Figure 6.14. Flagellin phosphomutants show delayed dispersal                                 
The biovolumes of biofilms  formed in the  7 day  flow cell experiment. Boxes 
in red indicate the transition in biovolume from day 4 to day 5 in WT and 
ΔfliC- FL and transition in biovolume from day 6 to day 7 in ΔfliC- FL T27A 
and ΔfliC- FL S28A. Error bars represent mean ± SD for three biological 
replicates.   
The results from biovolume analysis show that there is a reduction in the total 
biovolume on day 5 for WT and ΔfliC- FL, with increasing number of cells till 
day 4. ΔfliC- FL T27A and ΔfliC- FL S28A show a reduction in the total 
biovolume on day 7, with increasing number of cells till day 6. The pattern for 
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WT and ΔfliC- FL corresponds with existing literature which show that in 
PAO1, dispersal occurs on day 5 followed by reattachment on day 6 and day 7 
(Lee et al., 2013). The non-motile strain ΔfliC shows a relatively uniform 
number of cells for all 7 days. This behaviour can be attributed to the absence 
of flagellin. Dispersal process usually requires the development of flagellin so 
that cells can detach from the biofilm and migrate towards other places.  
Altogether, this analysis shows that there is a variation in the total number of 
cells between the WT and phosphomutant strains on specific days indicative of 
changes in dispersal patterns. To validate this behavioural pattern, we have 
counted the cfu for the five strains on all 7 days. 
6.2.4.3. Cfu analysis of flagellin phosphomutants validates 
delayed dispersal pattern 
From the biovolume data, we have estabilished the basis for changes in 
dispersal. This has been validated by means of cfu counting for the different 
strains. Cfu data gives an estimate of the number of cells that are dispersed 
each day for each strain. 
The trend from cfu data correlates with the images and biovolume data. It 
shows that there is an increase in number of dispersed cells on day 5 for WT 
and ΔfliC- FL and on day 7 for ΔfliC- FL T27A and ΔfliC- FL S28A. The 
remaining days show almost similar dispersion profile. This shows that there 
is a delay in the dispersion of flagellin phosphomutants. The graph for the 






Figure 6.15. Cfu data validates delayed dispersion of flagellin phosphomutants                                                                                                        
The cfu count for the five strains across 7 days. Boxes in red indicate the 
increase in number of dispersed cells on day 5 for WT and ΔfliC- FL and on 
day 7 for ΔfliC- FL T27A and ΔfliC- FL S28A. Error bars indicate mean ± SD 
for three biological replicates. 
 
Together, the biofilm images, biovolume data and cfu data of the different 
strains in the 7 day continuous flow cell experiment show that flagellin 
phosphorylation affects biofilm dispersal without affecting its architecture.  
The static and dymanic biofilm experiments together demonstrate that flagellin 
phosphorylation has effects on both biofilm attachment and detachment. In a 
biological context, this is highly significant because the ability of cells to form 
biofilms and their detachment from biofilms upon unfavourable conditions 
determine the overall efficiency of the bacterial infection. This study shows 
that phosphorylation of FliC is most likely acting as one of the external 
environment sensing mechanisms. Hence, defects in phosphorylation can 
result in delayed responses to environmental stimuli as seen in the delayed 





The study of the effects of flagellin phosphorylation on biofilm formation 
aspects of P.aeruginosa demonstrates several important things. The results 
from this chapter add more strength to the significance of phosphorylation as a 
signaling molecule. The presence of S/T phosphorylation of FliC is again 
shown to be important in a virulence context using the phosphomutants. The 
reduction in biofilm and EPS and the links with T2SS secretome profile show 
co-ordinated regulation of these two systems in an inverse manner.  
The defects in initial attachment and late dispersal patterns of the 
phosphomutants serve to enhance the concept that the presence of 
phosphorylation in extracellular proteins such as FliC can be important for 
signaling events within the cell. Attachment to suitable substrates, and 
detachment under unfavourable conditions are essential to the survival of 
bacteria. This delayed attachment and detachment sensing of the 
phosphomutants shows that the phosphorylation of flagellin at T27/S28 
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Chapter 7. Conclusions and Future directions 
7.1. Conclusions 
In this study, we have investigated the biological effects of Ser/Thr 
phosphorylation under three different contexts of flagellin function. The 
importance of flagellin as a motility protein, as a virulence factor and as an 
adhesin in biofilm formation has led us to question the roles that 
phosphorylation of flagellin could have in these different biological systems.  
As part of our initial study, we have examined the role of flagellin 
phosphorylation in swimming motility and chemotaxis phenotypes of P 
.aeruginosa. No effects were observed due to flagellin phosphorylation on the 
above mentioned phenotypes. These results indicate that there is no direct 
influence of this phosphorylation event on the swimming patterns of P 
.aeruginosa. The presence of phosphorylation in a region that helps in rotation 
of the filament by structurally holding it together does not seem to exert any 
influence over its predominant function i.e., propulsion of the bacteria. This 
demonstrates that flagellin phosphorylation in this scenario plays a role neither 
in maintaining the structural aspects nor in the assembly process of FliC. 
These conclusions were again evident from the chemotaxis assay. Chemotaxis 
denotes the ability of bacteria to sense its surroundings and the chemotaxis 
system brings about changes in direction of movement by interacting with the 
flagellar system, causing a switch from counter-clockwise to clockwise 
rotation. Absence of changes in chemotaxis assay shows that the interactions 
between flagellar and chemotaxis systems aren’t altered in any way by 
flagellin phosphorylation.  
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The follow-up of motility analysis by the exploration of significance of 
flagellin phosphorylation in virulence mechanisms provides new insights into 
its roles in signaling. A typical signaling molecule should be capable of either 
sensing the surrounding environment or responding to changes introduced by 
the environment, thereby mediating downstream effects. Phenotypic effects 
were observed on T2SS, biofilm formation and EPS production due to 
flagellin phosphorylation suggesting the presence of a regulatory network 
connecting all these processes. The regulation of T2SS by FliC 
phosphorylation proceeds via a post-translational mechanism without affecting 
the membrane components of T2SS machinery. This regulation has links with 
biofilm formation as shown by the existence of an inverse correlation between 
biofilm formation and T2SS secretion profile under static conditions.   
Another major conclusion that can be derived from this study is the 
importance of flagellin phosphorylation in the context of sensing 
environmental cues. The attachment and detachment profiles of the 
phosphomutants are delayed indicating defects in environmental perception in 
the absence of FliC phosphorylation. This sensing of external stimuli can 
proceed in two directions. The phosphorylation of flagellin can exert its 
influence on the T2SS which in turn influences biofilm parameters. Contrarily, 
the sensing can proceed from the flagellin to biofilm pathway to T2SS. The 
order of regulation is not known but the interaction between these two systems 
is evident from experiments on static biofilm secretome.  
The examination of these phenotypic effects has been accompanied by the 
validation of the two phosphosites by mass spectrometry and phosphomimic 
studies. The analysis of phosphorylation profile of FliC by phosphopeptide 
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enrichment shows the presence of T27 phosphorylation in the late log phase. 
Phosphomimic studies involving the substitution of serine 28 to a structural 
phosphomimic, aspartate, offers proof for S28 phosphorylation, though not the 
stage at which it is observed . Thus, both serine and threonine phosphorylation 
events are important in the biological context of virulence networking. The 
presence of threonine phosphorylation in the late log growth phase is one of 
the indicative factors of its role in controlling virulence processes like T2SS 
which typically begin only after a threshold of bacterial population has been 
reached.    
Altogether, our study shows the presence of a mechanism which co-ordinately 
regulates virulence processes in P. aeruginosa upon flagellin phosphorylation. 
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Figure 7.1. Co-ordinated regulation of virulence mechanisms by flagellin phosphorylation                                                                                                         
A brief overview of the various functions mediated by flagellin phosphorylation and the inter-links between the different systems investigated
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7.2. Future directions 
 
Results from this study give rise to several speculations regarding the 
mechanism of action and regulatory effects of FliC phosphorylation on other 
virulence mechanisms.  
(i) The effects observed on T2SS show its regulation by a post-
translational mechanism. Our experiments showed that the 
mechanism most likely to be affected is the T2SS pump machinery. 
Tagging of a T2SS protein and monitoring its secretion rate from 
inside to outside of the cells would indicate if the regulation takes 
place at the pump level. 
(ii)  The analysis of phosphorylation profile of intracellular and 
extracellular flagellin can help in determining whether the 
signaling mechanism is purely an environmental sensor or if it has 
roles within the cell. We have already seen the presence of 
threonine phosphorylation in the extracellular flagellin. Analysing 
the phosphorylation profile of the intracellular flagellin by mass 
spectrometry can help to show whether T27/S28 phosphorylation is 
present in the intracellular pool. 
(iii) The downstream effects of flagellin phosphorylation have to be 
mediated by some other secondary system. c-di-GMP is a major 
second messenger molecule of P. aeruginosa whose levels 
determine the transition from biofilm to planktonic stage and 
control several processes like biofilm, motility and virulence by 
T2SS (Morgan et al., 2006; Paul et al., 2004). Hence, determining 
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the intracellular levels of c-di-GMP in the context of flagellin 
phosphorylation would help in figuring out if there are any links 
between the two signaling systems. 
(iv) Direct interactions between flagellin and T2SS have not been 
observed till now. The polar nature of both the systems can result 
in some interactions between the two systems which are in turn 
responsible for the phenotypes observed. Hence, pull down assays  
using FliC protein can help in determining if there are any 
differences in its interaction partners in the absence of 
phosphorylation. 
(v)  The flagellar system exhibits structural conservation and negative 
crosstalk with that of T3SS. Hence, analysis of links between 
flagellin phosphorylation and T3SS can further enhance our 
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Appendix I    Sequencing information of fliC gene used for this   
study 
Verification of fliC sequence used for cloning of ΔfliC- FL construct. The 
restriction sites (BamH1 and HindIII) introduced are highlighted in yellow 
 
WT-17           CAGTCACGACGTTGTAAAACGACGGCCAGTGAATTCGAGCTCGGTACCCGGGGATCCCAG 300 
FliC            ----------------------TGG--AGGCGATCCGCGC---GCACCTGGCCGATGCAG 33 
                                       **  **   ** ** **   * *** **      *** 
 
WT-17           ACGCCAACGCCGCGGCCGGCGCGCAGTTGCGCGAGGCGGTGCGCCGCGACTGGATGC 360 
FliC            ACGCCAACGCCGCGGCCGGCGCGCAGTTGCGCGAGGCGGTGCGCCGCGACTGGATGC 90 
                ********************************************************* 
 
WT-17           TCGAAGGCGCGCATCTCGAGGCATGGGCGGCAGCCTGGCTGCCGGACTGAATCCGGGTTT 420 
FliC            TCGAAGGCGCGCATCTCGAGGCATGGGCGGCAGCCTGGCTGCCGGACTGAATCCGGGTTT 150 
                ************************************************************ 
 
WT-17           TTCTCGAACGAGGCCGGTGGCGCAAGCCATCGGCCTTTTTTCATGCCCGGCGTGCCCTGT 480 
FliC            TTCTCGAACGAGGCCGGTGGCGCAAGCCATCGGCCTTTTTTCATGCCCGGCGTGCCCTGT 210 
                ************************************************************ 
 
WT-17           TGCACGGGAGGGCTAAAGAAAATCGCCGGGGGGTCGATGCAATGGGTGTCGGAACTTCCA 540 
FliC            TGCACGGGAGGGCTAAAGAAAATCGCCGGGGGGTCGATGCAATGGGTGTCGGAACTTCCA 270 
                ************************************************************ 
 
WT-17           CCCTCTGCCGGACCAACCGGGGGCGGTTCAGGACCGATATTGGCGAGTCCTCTTCGAAGC 600 
FliC            CCCTCTGCCGGACCAACCGGGGGCGGTTCAGGACCGATATTGGCGAGTCCTCTTCGAAGC 330 
                ************************************************************ 
 
WT-17           ATGTAACCCACTGAAGAGGAAGAGAAAAAGAAAATGTTGATTTTTTCTCTAAAGCTCCGC 660 
FliC            ATGTAACCCACTGAAGAGGAAGAGAAAAAGAAAATGTTGATTTTTTCTCTAAAGCTCCGC 390 
                ************************************************************ 
 
WT-17           CGGGAAACGCCGATAAACACCATGAACGCGAATTCTTGGGGCACCTGAGCAAGCAGGCCG 720 
FliC            CGGGAAACGCCGATAAACACCATGAACGCGAATTCTTGGGGCACCTGAGCAAGCAGGCCG 450 
                ************************************************************ 
 
WT-17           AGAGATCGCAAGCTCAGGTAACCGAAATAGGTCCTTTGGAGGAAATCACCATGGCCCTTA 780 
FliC            AGAGATCGCAAGCTCAGGTAACCGAAATAGGTCCTTTGGAGGAAATCACCATGGCCCTTA 510 
                ************************************************************ 
 
WT-17           CAGTCAACACGAACATTGCTTCCCTGAACACTCAGCGCAACCTGAATGCTTCTTCCAACG 840 
FliC            CAGTCAACACGAACATTGCTTCCCTGAACACTCAGCGCAACCTGAATGCTTCTTCCAACG 570 
                ************************************************************ 
 
WT-17           ACCTCAACACCTCGTTGCAGCGTCTGACCACCGGCTACCGCATCAACAGTGCCAAGGACG 900 
FliC            ACCTCAACACCTCGTTGCAGCGTCTGACCACCGGCTACCGCATCAACAGTGCCAAGGACG 630 
                ************************************************************ 
 
WT-17           ATGCTGCCGGCCTGCAGATCTCCAACCGCCTGTCCAACCAGATCAGCGGTCTGAACGTTG 960 
FliC            ATGCTGCCGGCCTGCAGATCTCCAACCGCCTGTCCAACCAGATCAGCGGTCTGAACGTTG 690 
                ************************************************************ 
 
WT-17           CCACCCGCAACGCCAACGACGGCATCTCCCTGGCGCAGACCGCTGAAGGTGCCCTGCAGC 1020 
FliC            CCACCCGCAACGCCAACGACGGCATCTCCCTGGCGCAGACCGCTGAAGGTGCCCTGCAGC 750 
                ************************************************************ 
 
WT-17           AGTCCACCAATATCCTGCAGCGTATCCGCGACCTGGCCCTGCAATCCGCCAACGGCTCCA 1080 
FliC            AGTCCACCAATATCCTGCAGCGTATCCGCGACCTGGCCCTGCAATCCGCCAACGGCTCCA 810 
                ************************************************************ 
 
WT-17           ACAGCGACGCCGACCGTGCCGCCCTGCAGAAAGAAGTCGCTGCGCAACAGGCCGAACTGA 1140 
FliC            ACAGCGACGCCGACCGTGCCGCCCTGCAGAAAGAAGTCGCTGCGCAACAGGCCGAACTGA 870 
                ************************************************************ 
 
WT-17           CCCGTATCTCCGATACCACCACCTTCGGTGGCCGCAAGCTGCTCGACGGCTCCTTCGGCA 1200 
FliC            CCCGTATCTCCGATACCACCACCTTCGGTGGCCGCAAGCTGCTCGACGGCTCCTTCGGCA 930 
                ************************************************************ 
 
WT-17           CCACCAGCTTCCAGGTCGGTTCCAACGCCTACGAGACCATTGACATCAGCCTGCAGAATG 1260 
FliC            CCACCAGCTTCCAGGTCGGTTCCAACGCCTACGAGACCATTGACATCAGCCTGCAGAATG 990 




WT-17           CCTCTGCCAGCGCCATCGGTTCTTACCAGGTCGGCAGCAACGGCGCGGGTACCGTCGCCA 1320 
FliC            CCTCTGCCAGCGCCATCGGTTCTTACCAGGTCGGCAGCAACGGCGCGGGTACCGTCGCCA 1050 
                ************************************************************ 
 
WT-17           GCGTAGCGGGCACCGCGACCGCTTCGGGCATCGCCTCGGGCACCGTCAACCTGGTCGGTG 1380 
FliC            GCGTAGCGGGCACCGCGACCGCTTCGGGCATCGCCTCGGGCACCGTCAACCTGGTCGGTG 1110 
                ************************************************************ 
 
WT-17           GCGGTCAGGTGAAGAACATCGCCATCGCCGCCGGCGATAGCGCCAAGGCCATCGCCGAGA 1440 
FliC            GCGGTCAGGTGAAGAACATCGCCATCGCCGCCGGCGATAGCGCCAAGGCCATCGCCGAGA 1170 
                ************************************************************ 
 
WT-17           AGATGGACGGTGCGATCCCGAACCTGTCGGCTCGTGCCCGTACCGTGTTCACCGCTGATG 1500 
FliC            AGATGGACGGTGCGATCCCGAACCTGTCGGCTCGTGCCCGTACCGTGTTCACCGCTGATG 1230 
                ************************************************************ 
 
WT-17           TCAGCGGCGTGACCGGTGGTTCGCTGAACTTCGACGTAACCGTTGGCAGCAACACCGTGA 1560 
FliC            TCAGCGGCGTGACCGGTGGTTCGCTGAACTTCGACGTAACCGTTGGCAGCAACACCGTGA 1290 
                ************************************************************ 
 
WT-17           GCCTGGCAGGCGTGACCTCCACTCAGGATCTGGCCGACCAACTGAACTCCAACTCGTCGA 1620 
FliC            GCCTGGCAGGCGTGACCTCCACTCAGGATCTGGCCGACCAACTGAACTCCAACTCGTCGA 1350 
                ************************************************************ 
 
WT-17           AGCTGGGCATCACTGCCAGCATCAACGACAAGGGTGTACTGACCATCACCTCCGCTACCG 1680 
FliC            AGCTGGGCATCACTGCCAGCATCAACGACAAGGGTGTACTGACCATCACCTCCGCTACCG 1410 
                ************************************************************ 
 
WT-17           GCGAGAACGTCAAGTTCGGTGCGCAGACCGGTACCGCTACTGCCGGTCAGGTCGCAGTGA 1740 
FliC            GCGAGAACGTCAAGTTCGGTGCGCAGACCGGTACCGCTACTGCCGGTCAGGTCGCAGTGA 1470 
                ************************************************************ 
 
WT-17           AGGTCCAGGGTTCCGACGGCAAGTTCGAAGCGGCCGCCAAGAACGTGGTAGCTGCCGGTA 1800 
FliC            AGGTCCAGGGTTCCGACGGCAAGTTCGAAGCGGCCGCCAAGAACGTGGTAGCTGCCGGTA 1530 
                ************************************************************ 
 
WT-17           CTGCCGCTACCACCACCATCGTGACCGGCTACGTGCAACTGAACTCGCCGACCGCCTACT 1860 
FliC            CTGCCGCTACCACCACCATCGTGACCGGCTACGTGCAACTGAACTCGCCGACCGCCTACT 1590 
                ************************************************************ 
 
WT-17           CGGTCAGCGGTACCGGCACCCAGGCTTCGCAGGTCTTCGGCAACGCCAGCGCCGCGCAGA 1920 
FliC            CGGTCAGCGGTACCGGCACCCAGGCTTCGCAGGTCTTCGGCAACGCCAGCGCCGCGCAGA 1650 
                ************************************************************ 
 
WT-17           AGAGCAGCGTTGCCAGCGTCGACATCTCCACTGCCGACGGCGCCCAGAACGCCATCGCGG 1980 
FliC            AGAGCAGCGTTGCCAGCGTCGACATCTCCACTGCCGACGGCGCCCAGAACGCCATCGCGG 1710 
                ************************************************************ 
 
WT-17           TAGTCGATAACGCCCTGGCTGCGATCGACGCCCAGCGTGCTGACCTCGGTGCTGTTCAGA 2040 
FliC            TAGTCGATAACGCCCTGGCTGCGATCGACGCCCAGCGTGCTGACCTCGGTGCTGTTCAGA 1770 
                ************************************************************ 
 
WT-17           ACCGCTTCAAGAACACTATCGACAACCTGACCAACATCTCGGAAAACGCTACCAACGCTC 2100 
FliC            ACCGCTTCAAGAACACTATCGACAACCTGACCAACATCTCGGAAAACGCTACCAACGCTC 1830 
                ************************************************************ 
 
WT-17           GTAGCCGCATCAAGGACACCGACTTCGCTGCCGAAACCGCGGCGCTGTCGAAGAACCAGG 2160 
FliC            GTAGCCGCATCAAGGACACCGACTTCGCTGCCGAAACCGCGGCGCTGTCGAAGAACCAGG 1890 
                ************************************************************ 
 
WT-17           TGCTGCAACAGGCCGGTACCGCGATCCTGGCCCAGGCCAACCAGCTGCCGCAGGCGGTCC 2220 
FliC            TGCTGCAACAGGCCGGTACCGCGATCCTGGCCCAGGCCAACCAGCTGCCGCAGGCGGTCC 1950 
                ************************************************************ 
 
WT-17           TGAGCCTGCTGCGCTAAAAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAAT 2280 
FliC            TGAGCCTGCTGCGCTAA------------------------------------------- 1967 
























Appendix II   Sequence of fliC T27A gene used for this  study 
Verification of fliC sequence used for cloning of ΔfliC- FL T27A construct. 
The restriction sites introduced (BamH1 and HindIII) are highlighted in 
yellow. The mutation of threonine to alanine (ACC-> GCC) is indicated in 
blue. 
 
T1-10           AGTCACGACGTTGTAAAACGACGGCCAGTGAATTCGAGCTCGGTACCCGGGGATCCCAGA 300 
FliC            ---------------------TGG--AGGCGATCCGCGC---GCACCTGGCCGATGCAGA 34 
                                      **  **   ** ** **   * *** **      **** 
 
T1-10           CGCCAACGCCGCGGCCGGCGCGCAGTTGCGCGAGGCGGTGCGCCGCGACTGGATGCTCGA 360 
FliC            CGCCAACGCCGCGGCCGGCGCGCAGTTGCGCGAGGCGGTGCGCCGCGACTGGATGCTCGA 94 
                ************************************************************ 
 
T1-10           AGGCGCGCATCTCGAGGCATGGGCGGCAGCCTGGCTGCCGGACTGAATCCGGGTTTTTCT 420 
FliC            AGGCGCGCATCTCGAGGCATGGGCGGCAGCCTGGCTGCCGGACTGAATCCGGGTTTTTCT 154 
                ************************************************************ 
 
T1-10           CGAACGAGGCCGGTGGCGCAAGCCATCGGCCTTTTTTCATGCCCGGCGTGCCCTGTTGCA 480 
FliC            CGAACGAGGCCGGTGGCGCAAGCCATCGGCCTTTTTTCATGCCCGGCGTGCCCTGTTGCA 214 
                ************************************************************ 
 
T1-10           CGGGAGGGCTAAAGAAAATCGCCGGGGGGTCGATGCAATGGGTGTCGGAACTTCCACCCT 540 
FliC            CGGGAGGGCTAAAGAAAATCGCCGGGGGGTCGATGCAATGGGTGTCGGAACTTCCACCCT 274 
                ************************************************************ 
 
T1-10           CTGCCGGACCAACCGGGGGCGGTTCAGGACCGATATTGGCGAGTCCTCTTCGAAGCATGT 600 
FliC            CTGCCGGACCAACCGGGGGCGGTTCAGGACCGATATTGGCGAGTCCTCTTCGAAGCATGT 334 
                ************************************************************ 
 
T1-10           AACCCACTGAAGAGGAAGAGAAAAAGAAAATGTTGATTTTTTCTCTAAAGCTCCGCCGGG 660 
FliC            AACCCACTGAAGAGGAAGAGAAAAAGAAAATGTTGATTTTTTCTCTAAAGCTCCGCCGGG 394 
                ************************************************************ 
 
T1-10           AAACGCCGATAAACACCATGAACGCGAATTCTTGGGGCACCTGAGCAAGCAGGCCGAGAG 720 
FliC            AAACGCCGATAAACACCATGAACGCGAATTCTTGGGGCACCTGAGCAAGCAGGCCGAGAG 454 
                ************************************************************ 
 
T1-10           ATCGCAAGCTCAGGTAACCGAAATAGGTCCTTTGGAGGAAATCACCATGGCCCTTACAGT 780 
FliC            ATCGCAAGCTCAGGTAACCGAAATAGGTCCTTTGGAGGAAATCACCATGGCCCTTACAGT 514 
                ************************************************************ 
 
T1-10           CAACACGAACATTGCTTCCCTGAACACTCAGCGCAACCTGAATGCTTCTTCCAACGACCT 840 
FliC            CAACACGAACATTGCTTCCCTGAACACTCAGCGCAACCTGAATGCTTCTTCCAACGACCT 574 
                ************************************************************ 
 
T1-10           CAACGCCTCGTTGCAGCGTCTGACCACCGGCTACCGCATCAACAGTGCCAAGGACGATGC 900 
FliC            CAACACCTCGTTGCAGCGTCTGACCACCGGCTACCGCATCAACAGTGCCAAGGACGATGC 634 
                **** ******************************************************* 
 
T1-10           TGCCGGCCTGCAGATCTCCAACCGCCTGTCCAACCAGATCAGCGGTCTGAACGTTGCCAC 960 
FliC            TGCCGGCCTGCAGATCTCCAACCGCCTGTCCAACCAGATCAGCGGTCTGAACGTTGCCAC 694 
                ************************************************************ 
 
T1-10           CCGCAACGCCAACGACGGCATCTCCCTGGCGCAGACCGCTGAAGGTGCCCTGCAGCAGTC 1020 
FliC            CCGCAACGCCAACGACGGCATCTCCCTGGCGCAGACCGCTGAAGGTGCCCTGCAGCAGTC 754 
                ************************************************************ 
 
T1-10           CACCAATATCCTGCAGCGTATCCGCGACCTGGCCCTGCAATCCGCCAACGGCTCCAACAG 1080 
FliC            CACCAATATCCTGCAGCGTATCCGCGACCTGGCCCTGCAATCCGCCAACGGCTCCAACAG 814 
                ************************************************************ 
 
T1-10           CGACGCCGACCGTGCCGCCCTGCAGAAAGAAGTCGCTGCGCAACAGGCCGAACTGACCCG 1140 
FliC            CGACGCCGACCGTGCCGCCCTGCAGAAAGAAGTCGCTGCGCAACAGGCCGAACTGACCCG 874 
                ************************************************************ 
 
T1-10           TATCTCCGATACCACCACCTTCGGTGGCCGCAAGCTGCTCGACGGCTCCTTCGGCACCAC 1200 
FliC            TATCTCCGATACCACCACCTTCGGTGGCCGCAAGCTGCTCGACGGCTCCTTCGGCACCAC 934 
                ************************************************************ 
 
T1-10           CAGCTTCCAGGTCGGTTCCAACGCCTACGAGACCATTGACATCAGCCTGCAGAATGCCTC 1260 
FliC            CAGCTTCCAGGTCGGTTCCAACGCCTACGAGACCATTGACATCAGCCTGCAGAATGCCTC 994 
                ************************************************************ 
 
T1-10           TGCCAGCGCCATCGGTTCTTACCAGGTCGGCAGCAACGGCGCGGGTACCGTCGCCAGCGT 1320 
FliC            TGCCAGCGCCATCGGTTCTTACCAGGTCGGCAGCAACGGCGCGGGTACCGTCGCCAGCGT 1054 
135 
 
                ************************************************************ 
 
T1-10           AGCGGGCACCGCGACCGCTTCGGGCATCGCCTCGGGCACCGTCAACCTGGTCGGTGGCGG 1380 
FliC            AGCGGGCACCGCGACCGCTTCGGGCATCGCCTCGGGCACCGTCAACCTGGTCGGTGGCGG 1114 
                ************************************************************ 
 
T1-10           TCAGGTGAAGAACATCGCCATCGCCGCCGGCGATAGCGCCAAGGCCATCGCCGAGAAGAT 1440 
FliC            TCAGGTGAAGAACATCGCCATCGCCGCCGGCGATAGCGCCAAGGCCATCGCCGAGAAGAT 1174 
                ************************************************************ 
 
T1-10           GGACGGTGCGATCCCGAACCTGTCGGCTCGTGCCCGTACCGTGTTCACCGCTGATGTCAG 1500 
FliC            GGACGGTGCGATCCCGAACCTGTCGGCTCGTGCCCGTACCGTGTTCACCGCTGATGTCAG 1234 
                ************************************************************ 
 
T1-10           CGGCGTGACCGGTGGTTCGCTGAACTTCGACGTAACCGTTGGCAGCAACACCGTGAGCCT 1560 
FliC            CGGCGTGACCGGTGGTTCGCTGAACTTCGACGTAACCGTTGGCAGCAACACCGTGAGCCT 1294 
                ************************************************************ 
 
T1-10           GGCAGGCGTGACCTCCACTCAGGATCTGGCCGACCAACTGAACTCCAACTCGTCGAAGCT 1620 
FliC            GGCAGGCGTGACCTCCACTCAGGATCTGGCCGACCAACTGAACTCCAACTCGTCGAAGCT 1354 
                ************************************************************ 
 
T1-10           GGGCATCACTGCCAGCATCAACGACAAGGGTGTACTGACCATCACCTCCGCTACCGGCGA 1680 
FliC            GGGCATCACTGCCAGCATCAACGACAAGGGTGTACTGACCATCACCTCCGCTACCGGCGA 1414 
                ************************************************************ 
 
T1-10           GAACGTCAAGTTCGGTGCGCAGACCGGTACCGCTACTGCCGGTCAGGTCGCAGTGAAGGT 1740 
FliC            GAACGTCAAGTTCGGTGCGCAGACCGGTACCGCTACTGCCGGTCAGGTCGCAGTGAAGGT 1474 
                ************************************************************ 
 
T1-10           CCAGGGTTCCGACGGCAAGTTCGAAGCGGCCGCCAAGAACGTGGTAGCTGCCGGTACTGC 1800 
FliC            CCAGGGTTCCGACGGCAAGTTCGAAGCGGCCGCCAAGAACGTGGTAGCTGCCGGTACTGC 1534 
                ************************************************************ 
 
T1-10           CGCTACCACCACCATCGTGACCGGCTACGTGCAACTGAACTCGCCGACCGCCTACTCGGT 1860 
FliC            CGCTACCACCACCATCGTGACCGGCTACGTGCAACTGAACTCGCCGACCGCCTACTCGGT 1594 
                ************************************************************ 
 
T1-10           CAGCGGTACCGGCACCCAGGCTTCGCAGGTCTTCGGCAACGCCAGCGCCGCGCAGAAGAG 1920 
FliC            CAGCGGTACCGGCACCCAGGCTTCGCAGGTCTTCGGCAACGCCAGCGCCGCGCAGAAGAG 1654 
                ************************************************************ 
 
T1-10           CAGCGTTGCCAGCGTCGACATCTCCACTGCCGACGGCGCCCAGAACGCCATCGCGGTAGT 1980 
FliC            CAGCGTTGCCAGCGTCGACATCTCCACTGCCGACGGCGCCCAGAACGCCATCGCGGTAGT 1714 
                ************************************************************ 
 
T1-10           CGATAACGCCCTGGCTGCGATCGACGCCCAGCGTGCTGACCTCGGTGCTGTTCAGAACCG 2040 
FliC            CGATAACGCCCTGGCTGCGATCGACGCCCAGCGTGCTGACCTCGGTGCTGTTCAGAACCG 1774 
                ************************************************************ 
 
T1-10           CTTCAAGAACACTATCGACAACCTGACCAACATCTCGGAAAACGCTACCAACGCTCGTAG 2100 
FliC            CTTCAAGAACACTATCGACAACCTGACCAACATCTCGGAAAACGCTACCAACGCTCGTAG 1834 
                ************************************************************ 
 
T1-10           CCGCATCAAGGACACCGACTTCGCTGCCGAAACCGCGGCGCTGTCGAAGAACCAGGTGCT 2160 
FliC            CCGCATCAAGGACACCGACTTCGCTGCCGAAACCGCGGCGCTGTCGAAGAACCAGGTGCT 1894 
                ************************************************************ 
 
T1-10           GCAACAGGCCGGTACCGCGATCCTGGCCCAGGCCAACCAGCTGCCGCAGGCGGTCCTGAG 2220 
FliC            GCAACAGGCCGGTACCGCGATCCTGGCCCAGGCCAACCAGCTGCCGCAGGCGGTCCTGAG 1954 
                ************************************************************ 
 
T1-10           CCTGCTGCGCTAAAAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTT 2280 
FliC            CCTGCTGCGCTAA----------------------------------------------- 1967 









Appendix III   Sequence of fliC S28A gene used for this  study 
Verification of fliC sequence used for cloning of ΔfliC- FL S28A construct. 
The restriction sites introduced (BamH1 and HindIII) are highlighted in 
yellow. The mutation of serine to alanine (TCG->GCC) is indicated in blue. 
 
S2-39           TTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTCGAGCTCGGTACCCGGGGAT 300 
FliC            ---------------------------TGG--AGGCGATCCGCGC---GCACCTGGCCGA 28 
                                            **  **   ** ** **   * *** **     
       
S2-39           CCCAGACGCCAACGCCGCGGCCGGCGCGCAGTTGCGCGAGGCGGTGCGCCGCGACTGGAT 360 
FliC            TGCAGACGCCAACGCCGCGGCCGGCGCGCAGTTGCGCGAGGCGGTGCGCCGCGACTGGAT 88 
                  ********************************************************** 
 
S2-39           GCTCGAAGGCGCGCATCTCGAGGCATGGGCGGCAGCCTGGCTGCCGGACTGAATCCGGGT 420 
FliC            GCTCGAAGGCGCGCATCTCGAGGCATGGGCGGCAGCCTGGCTGCCGGACTGAATCCGGGT 148 
                ************************************************************ 
 
S2-39           TTTTCTCGAACGAGGCCGGTGGCGCAAGCCATCGGCCTTTTTTCATGCCCGGCGTGCCCT 480 
FliC            TTTTCTCGAACGAGGCCGGTGGCGCAAGCCATCGGCCTTTTTTCATGCCCGGCGTGCCCT 208 
                ************************************************************ 
 
S2-39           GTTGCACGGGAGGGCTAAAGAAAATCGCCGGGGGGTCGATGCAATGGGTGTCGGAACTTC 540 
FliC            GTTGCACGGGAGGGCTAAAGAAAATCGCCGGGGGGTCGATGCAATGGGTGTCGGAACTTC 268 
                ************************************************************ 
 
S2-39           CACCCTCTGCCGGACCAACCGGGGGCGGTTCAGGACCGATATTGGCGAGTCCTCTTCGAA 600 
FliC            CACCCTCTGCCGGACCAACCGGGGGCGGTTCAGGACCGATATTGGCGAGTCCTCTTCGAA 328 
                ************************************************************ 
 
S2-39           GCATGTAACCCACTGAAGAGGAAGAGAAAAAGAAAATGTTGATTTTTTCTCTAAAGCTCC 660 
FliC            GCATGTAACCCACTGAAGAGGAAGAGAAAAAGAAAATGTTGATTTTTTCTCTAAAGCTCC 388 
                ************************************************************ 
 
S2-39           GCCGGGAAACGCCGATAAACACCATGAACGCGAATTCTTGGGGCACCTGAGCAAGCAGGC 720 
FliC            GCCGGGAAACGCCGATAAACACCATGAACGCGAATTCTTGGGGCACCTGAGCAAGCAGGC 448 
                ************************************************************ 
 
S2-39           CGAGAGATCGCAAGCTCAGGTAACCGAAATAGGTCCTTTGGAGGAAATCACCATGGCCCT 780 
FliC            CGAGAGATCGCAAGCTCAGGTAACCGAAATAGGTCCTTTGGAGGAAATCACCATGGCCCT 508 
                ************************************************************ 
 
S2-39           TACAGTCAACACGAACATTGCTTCCCTGAACACTCAGCGCAACCTGAATGCTTCTTCCAA 840 
FliC            TACAGTCAACACGAACATTGCTTCCCTGAACACTCAGCGCAACCTGAATGCTTCTTCCAA 568 
                ************************************************************ 
 
S2-39           CGACCTCAACACCGCCTTGCAGCGTCTGACCACCGGCTACCGCATCAACAGTGCCAAGGA 900 
FliC            CGACCTCAACACCTCGTTGCAGCGTCTGACCACCGGCTACCGCATCAACAGTGCCAAGGA 628 
                ************* * ******************************************** 
 
S2-39           CGATGCTGCCGGCCTGCAGATCTCCAACCGCCTGTCCAACCAGATCAGCGGTCTGAACGT 960 
FliC            CGATGCTGCCGGCCTGCAGATCTCCAACCGCCTGTCCAACCAGATCAGCGGTCTGAACGT 688 
                ************************************************************ 
 
S2-39           TGCCACCCGCAACGCCAACGACGGCATCTCCCTGGCGCAGACCGCTGAAGGTGCCCTGCA 1020 
FliC            TGCCACCCGCAACGCCAACGACGGCATCTCCCTGGCGCAGACCGCTGAAGGTGCCCTGCA 748 
                ************************************************************ 
 
S2-39           GCAGTCCACCAATATCCTGCAGCGTATCCGCGACCTGGCCCTGCAATCCGCCAACGGCTC 1080 
FliC            GCAGTCCACCAATATCCTGCAGCGTATCCGCGACCTGGCCCTGCAATCCGCCAACGGCTC 808 
                ************************************************************ 
 
S2-39           CAACAGCGACGCCGACCGTGCCGCCCTGCAGAAAGAAGTCGCTGCGCAACAGGCCGAACT 1140 
FliC            CAACAGCGACGCCGACCGTGCCGCCCTGCAGAAAGAAGTCGCTGCGCAACAGGCCGAACT 868 
                ************************************************************ 
 
S2-39           GACCCGTATCTCCGATACCACCACCTTCGGTGGCCGCAAGCTGCTCGACGGCTCCTTCGG 1200 
FliC            GACCCGTATCTCCGATACCACCACCTTCGGTGGCCGCAAGCTGCTCGACGGCTCCTTCGG 928 
                ************************************************************ 
 
S2-39           CACCACCAGCTTCCAGGTCGGTTCCAACGCCTACGAGACCATTGACATCAGCCTGCAGAA 1260 
FliC            CACCACCAGCTTCCAGGTCGGTTCCAACGCCTACGAGACCATTGACATCAGCCTGCAGAA 988 
                ************************************************************ 
 
S2-39           TGCCTCTGCCAGCGCCATCGGTTCTTACCAGGTCGGCAGCAACGGCGCGGGTACCGTCGC 1320 
FliC            TGCCTCTGCCAGCGCCATCGGTTCTTACCAGGTCGGCAGCAACGGCGCGGGTACCGTCGC 1048 




S2-39           CAGCGTAGCGGGCACCGCGACCGCTTCGGGCATCGCCTCGGGCACCGTCAACCTGGTCGG 1380 
FliC            CAGCGTAGCGGGCACCGCGACCGCTTCGGGCATCGCCTCGGGCACCGTCAACCTGGTCGG 1108 
                ************************************************************ 
 
S2-39           TGGCGGTCAGGTGAAGAACATCGCCATCGCCGCCGGCGATAGCGCCAAGGCCATCGCCGA 1440 
FliC            TGGCGGTCAGGTGAAGAACATCGCCATCGCCGCCGGCGATAGCGCCAAGGCCATCGCCGA 1168 
                ************************************************************ 
 
S2-39           GAAGATGGACGGTGCGATCCCGAACCTGTCGGCTCGTGCCCGTACCGTGTTCACCGCTGA 1500 
FliC            GAAGATGGACGGTGCGATCCCGAACCTGTCGGCTCGTGCCCGTACCGTGTTCACCGCTGA 1228 
                ************************************************************ 
 
S2-39           TGTCAGCGGCGTGACCGGTGGTTCGCTGAACTTCGACGTAACCGTTGGCAGCAACACCGT 1560 
FliC            TGTCAGCGGCGTGACCGGTGGTTCGCTGAACTTCGACGTAACCGTTGGCAGCAACACCGT 1288 
                ************************************************************ 
 
S2-39           GAGCCTGGCAGGCGTGACCTCCACTCAGGATCTGGCCGACCAACTGAACTCCAACTCGTC 1620 
FliC            GAGCCTGGCAGGCGTGACCTCCACTCAGGATCTGGCCGACCAACTGAACTCCAACTCGTC 1348 
                ************************************************************ 
 
S2-39           GAAGCTGGGCATCACTGCCAGCATCAACGACAAGGGTGTACTGACCATCACCTCCGCTAC 1680 
FliC            GAAGCTGGGCATCACTGCCAGCATCAACGACAAGGGTGTACTGACCATCACCTCCGCTAC 1408 
                ************************************************************ 
 
S2-39           CGGCGAGAACGTCAAGTTCGGTGCGCAGACCGGTACCGCTACTGCCGGTCAGGTCGCAGT 1740 
FliC            CGGCGAGAACGTCAAGTTCGGTGCGCAGACCGGTACCGCTACTGCCGGTCAGGTCGCAGT 1468 
                ************************************************************ 
 
S2-39           GAAGGTCCAGGGTTCCGACGGCAAGTTCGAAGCGGCCGCCAAGAACGTGGTAGCTGCCGG 1800 
FliC            GAAGGTCCAGGGTTCCGACGGCAAGTTCGAAGCGGCCGCCAAGAACGTGGTAGCTGCCGG 1528 
                ************************************************************ 
 
S2-39           TACTGCCGCTACCACCACCATCGTGACCGGCTACGTGCAACTGAACTCGCCGACCGCCTA 1860 
FliC            TACTGCCGCTACCACCACCATCGTGACCGGCTACGTGCAACTGAACTCGCCGACCGCCTA 1588 
                ************************************************************ 
 
S2-39           CTCGGTCAGCGGTACCGGCACCCAGGCTTCGCAGGTCTTCGGCAACGCCAGCGCCGCGCA 1920 
FliC            CTCGGTCAGCGGTACCGGCACCCAGGCTTCGCAGGTCTTCGGCAACGCCAGCGCCGCGCA 1648 
                ************************************************************ 
 
S2-39           GAAGAGCAGCGTTGCCAGCGTCGACATCTCCACTGCCGACGGCGCCCAGAACGCCATCGC 1980 
FliC            GAAGAGCAGCGTTGCCAGCGTCGACATCTCCACTGCCGACGGCGCCCAGAACGCCATCGC 1708 
                ************************************************************ 
 
S2-39           GGTAGTCGATAACGCCCTGGCTGCGATCGACGCCCAGCGTGCTGACCTCGGTGCTGTTCA 2040 
FliC            GGTAGTCGATAACGCCCTGGCTGCGATCGACGCCCAGCGTGCTGACCTCGGTGCTGTTCA 1768 
                ************************************************************ 
 
S2-39           GAACCGCTTCAAGAACACTATCGACAACCTGACCAACATCTCGGAAAACGCTACCAACGC 2100 
FliC            GAACCGCTTCAAGAACACTATCGACAACCTGACCAACATCTCGGAAAACGCTACCAACGC 1828 
                ************************************************************ 
 
S2-39           TCGTAGCCGCATCAAGGACACCGACTTCGCTGCCGAAACCGCGGCGCTGTCGAAGAACCA 2160 
FliC            TCGTAGCCGCATCAAGGACACCGACTTCGCTGCCGAAACCGCGGCGCTGTCGAAGAACCA 1888 
                ************************************************************ 
 
S2-39           GGTGCTGCAACAGGCCGGTACCGCGATCCTGGCCCAGGCCAACCAGCTGCCGCAGGCGGT 2220 
FliC            GGTGCTGCAACAGGCCGGTACCGCGATCCTGGCCCAGGCCAACCAGCTGCCGCAGGCGGT 1948 
                ************************************************************ 
 
S2-39           CCTGAGCCTGCTGCGCTAAACGCTTATCGCCTGAGCCTGCTGCGCTAAAAGCTTGGCGTA 2280 
FliC            CCTGAGCCTGCTGCGCTAA----------------------------------------- 1967 
                     *******************                                          
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